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Foreword

Endosseous dental implants have revolutionized the practice of dentistry in 
the last 40 years. No other development, technology, or material has had such 
an effect on the dental profession in our lifetime. Such a sea change in a 
health profession requires extensive scrutiny and massive scientific investiga-
tion. The concept that a foreign body could integrate with the tissues of the 
oral cavity and establish a functional equilibrium was unthinkable just a few 
decades ago. This is particularly true given the dynamic complexities in the 
oral cavity such as the microbial challenges, the immune responses, multiple 
tissue interaction and turnover, the flow of salvia and all of its components, 
and the functional needs of food and liquid intake, chewing, speaking, and 
swallowing. Given this situation, it is remarkable that endosseous dental 
implants today are a routine dental procedure with very high success rates 
both in the placement and maintenance of the implant itself, as well as of the 
prosthesis fabrication and usage. This remarkable success story has occurred 
through extensive scientific investigation that has accompanied the use of 
dental implants at first mainly in edentulous patients but then evolved with 
developments into partially edentulous patients. This fascinating story has 
now enhanced and influenced millions of lives daily and has evolved because 
of serious and comprehensive scientific investigations. This outstanding book 
has managed to bring together incredible information that exhaustively and 
very comprehensively explains how the science of dental implantology has 
supported the translational application of this remarkable treatment for our 
patients. It covers scientific research over the entire spectrum of dental 
implantology from various in vitro and animal models for investigation to 
translational studies for clinical success.

The editor nicely sets the tone for the book by suggesting that dental 
implant researchers are “knowledge explorers” and that their mission as sur-
gical researchers is the “generation of knowledge, transmitting it, and adding 
clinical value.” The book then begins with insights into various animal model 
systems and the advantages and disadvantages of the many species of animals 
that researchers have used to evaluate tissue interactions with the implanted 
foreign body. The structural, functional, and compositional components of 
various animal species offer a wide array of tissue reaction for the evaluation 
of the implant. For example, some animal models offer osseous tissue com-
prised of mainly cortical bone and little cancellous bone while other models 
offer a more balanced composition of cortical and cancellous bone tissue for 
evaluation. The authors of these chapters have complied in this one resource 
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an incredibly comprehensive documentation when one is deciding what ani-
mal model might be applicable for further scientific investigation.

These chapters exhaustively describe preclinical study designs in a num-
ber of animal models including rodents, rabbits, swine, canine, ovine, and 
caprine animals. These are well-written chapters that describe advantages and 
limitations of each model, the particular locations that have been typically 
utilized for implant studies, systemic conditions possible in the species, how 
outcomes can be evaluated, and furthermore describe some major studies that 
have utilized the model in the literature. I believe these chapters are one of the 
only places that one can turn to in order to have all the information you might 
need to learn about all the possible animal models to use for implant research 
and have the information needed to evaluate how the models can best be 
utilized.

The next series of chapters comprehensively explain how animal preclini-
cal research is translated into clinical investigations in implant dentistry. This 
information again exhaustively covers a broad range of topics in an extremely 
comprehensive fashion and defines and describes the components of different 
kinds of studies that are usually performed in implant dentistry. Levels of 
evidence are explained and standard guidelines for the reporting of results 
and quality control practices are also included. A plea is also made for stan-
dardization for data collection and evaluation methods including data from 
private practice to reflect what goes on in the so-called real world.

These chapters are followed with extensive discussions on other crucial 
aspects of implant dentistry research including biomechanics and testing in 
vitro and then in vivo for various materials including finite element analyses; 
a really excellent, comprehensive, and up-to-date review of the biological 
events that take place at the interface of the implant and bone including five 
phases of osseointegration, and material influences and surface characteris-
tics of the implant and their significance on implant integration. Also included 
are comprehensive chapters on radiographic imaging, the mechanics of the 
implant-abutment connection, and prosthetic rehabilitation and the factors 
relevant for the prosthesis to be successful in the long term.

Implant dentistry often involves the use of various bone graft materials. 
Each of these materials has advantages and disadvantages so a thorough 
understanding of bone grafts is essential and is included in the book. Several 
chapters discuss bone substitute materials including non-resorbable and 
resorbable grafts as well as the biology of low substitution bone materials, 
calcium-phosphate, and polymer-based bone substitutes. An emphasis is also 
placed on the various techniques for imaging these materials and evaluating 
their effectiveness as a bone promoting material, the host tissue reaction to 
the material, and the degradation of the bone substitute. The use of mem-
branes and soft tissue grafting goes hand in hand with bone grafting, and 
these materials are additionally covered.

Three additional chapters are included in the book that round out current 
research in implant dentistry. These include how biomarkers have been exam-
ined to monitor tissue health around the implant including the use of saliva 
and peri-implant crevicular fluid composition. A second chapter provides a 
comprehensive examination of the state-of-the-art use of computer-assisted 
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concepts and digital technologies and how these have been incorporated and 
influenced diagnosis, planning, and evaluation of implant therapy for patients. 
Exciting new digital technologies like photogrammetry are explained; CAD/
CAM use and static and dynamic guidance for implant placement are also 
explored and discussed. Lastly, a chapter is included on hypothesis testing, 
sample size determination, probability distributions, data collection, and how 
statistical analyses are typically performed with the incorporation of a statis-
tician who has the mathematical and statistical knowledge to use appropriate 
techniques to get the most out of your experimental and clinical dental 
implant studies.

As you can see, this book is a unique resource in implant dentistry that is 
comprehensive in the field and extensive in its breath and depth in all areas of 
dental implant research. The contents of this book confirm that the placement 
of foreign bodies into the jaw bones has revolutionized dentistry as a profes-
sion. The scientific investigation of all aspects of this procedure is outlined 
here, and it has demonstrated the evolution of this therapy to its highly suc-
cessful outcome that it enjoys today. Achieving the goal of replacing and 
supporting teeth with endosseous implants has required enormous scientific 
discovery, and this book provides an outstanding resource for appreciating 
and understanding the tremendous scientific advancements and evolution that 
have taken place in implant dentistry.

David L. Cochran
Department of Periodontics

University of Texas Health Science Center San Antonio
San Antonio, TX, USA
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1The Method Sets the Tone

Michel M. Dard

1.1  Introduction

This textbook finds its roots in the reading of 
some of the most knowledgeable thinkers, scien-
tists, and philosophers in the field of methodol-
ogy, and it represents a modest illustration of 
their remarkable reflections applied to implant 
dentistry, this being analyzed and reported in the 
most possible humble manner.

The word method appeared in the early fif-
teenth century from Latin “methodus” borrowed 
from Greek “methodos” formed by juxtaposition 
of “meta” (μετά) and “hodos” (ὁδός), which can 
literally be translated into “beyond the way.”

Referring to Collins and Cambridge dictionar-
ies, a methodology is a system or a set of meth-
ods and principles for practicing in a defined 
domain, by instance for operating, studying, or 
carrying out research. A method itself is a sys-
tematic, recognized, and established procedure 
within a professional community of practice.

Methodology is also the branch of philosophy 
dealing with the science of procedures or orderly 
arrangement and the branch of logic concerned 
with the application of the principles of reason-
ing to scientific and philosophical inquiry.

Methodology broadly corresponds to the 
fusion of an ordered approach and a philosophi-
cal quest by following the way and looking for-
ward (“beyond the way”).

Methodology is inherent to research, and a 
methodologist attitude implies being well-versed 
in the international literature and fixing colle-
gially the goal and priorities of the study. It con-
sists in identifying the population of interest, 
sampling the comprising elements before design-
ing the study, making sure that the accuracy of 
data can be reached, and finally, analyzing them.

Research studies are two-dimensional. The 
first dimension consists in laboratory research, 
which provides data, outcomes, and conclusions 
on materials and devices with the help of physi-
cochemical and mechanical tests, cells, tissues, 
and animal models. The second dimension 
inheres clinical research, which must be practice- 

Fragments of truth constitute science

Claude Bernard
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oriented and implement methods to reduce the 
burden of patient discomfort and, eventually, ill-
ness in the real world.

Preclinical research enjoys very high internal 
validity because the investigator actively decides 
on independent variables and randomly assigns 
subjects to experimental and control groups, as 
demonstrated further in this book. Preclinical 
research constitutes the first step to conscious 
clinical research; both being strongly linked by 
similar methodological approaches and an incre-
mental knowledge acquisition towards 
 understanding of human oral health and resolu-
tion of diseases.

In this context, the Academy of Surgical 
Research (Wayzata, MN, United States) defines 
its expertise field as examining and evaluating 
innovative and conventional ideas related to sur-
gery through scholarship analysis of data and the 
generation and investigation of hypotheses.

This definition fully applies to dentistry, 
including implant dentistry which accomplished 
major progress during the last 50 years, signing 
up the evolution from a carnival attraction to an 
academic profession and science [1]. Implant 
dentistry research gained more and more atten-
tion and interest and greatly advanced the profes-
sion, consequently influencing the patients’ 
welfare and well-being.

1.2  The Heroes

We are all building up on Aristotle (384–322 bc), 
who was one of the greatest philosophers who 
ever lived and the first genuine scientist in his-
tory. He made pioneering contributions to all 
fields of philosophy and science, he discovered 
and substantified the formal logic format, and he 
identified the various scientific disciplines and 
explored their relationships.

The process of logical deduction was invented 
by Aristotle (he has been called the “father of 
logic”), and perhaps lies at the heart of all his 
famous achievements in biology, political sci-
ence, zoology, embryology, scientific method, 
rhetoric, and psychology. He was the first person 

to come up with an authentic and logical proce-
dure to conclude a statement based on the propo-
sitions at hand, and he exerted a unique influence 
on almost every form of knowledge and knowl-
edge acquisition in the Occident.

During his life, René Descartes (1596–1650) 
imbricated his talents as a mathematician, a nat-
ural scientist or “natural philosopher,” and a 
metaphysician. He was heralded as the first 
modern philosopher. He offered a new vision of 
nature that continues to shape our thought today: 
a world of matter possessing a few fundamental 
properties and interacting according to a few 
universal laws. This world included an immate-
rial mind that, in human beings, was directly 
related to the brain; in this way, Descartes for-
mulated the modern version of the mind–body 
interactions.

He claimed early on to have developed a spe-
cial method, which can variously be applied in 
mathematics, natural philosophy, and metaphys-
ics, and which, in the latter part of his life, was 
supplemented by a method of doubt.

Descartes presented his results in “Discours 
de la Méthode Pour bien conduire sa raison, et 
chercher la vérité dans les sciences” (1637, in 
English: “Discourse on the Method of Rightly 
Conducting One’s Reason and of Seeking Truth 
in the Sciences”). This book is best known as the 
source of the famous quotation “Je pense, donc je 
suis” (“I think, therefore I am,” or “I am thinking, 
therefore I exist”) and remains one of the most 
influential works in the history of modern phi-
losophy, and development of natural sciences.

He proposed to apply the four following 
precepts:

 – Doubt everything.
 – Break every problem into smaller parts.
 – Solve the simplest problems first.
 – Be thorough in the sense of making enumera-

tions so complete and reviews so general that 
nothing becomes omitted.

The historian B. Cohen (Harvard University) 
called Claude Bernard (1813–1878) “one of the 
greatest of all men of science.”

M. M. Dard
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In his major discourse on the scientific method 
“Introduction à l’étude de la médecine expéri-
mentale” (1865, in English: “An Introduction to 
the Study of Experimental Medecine”), 
C.  Bernard described what makes a scientific 
theory good and what makes a scientist a true dis-
coverer. C. Bernard was obsessed with ensuring 
the objectivity of scientific observations. He rec-
ommended to consider thoroughly the following 
eight quotations:

 – Only the unknown is the playground for true 
researchers.

 – Experimental methods and observable reality 
represent the only authority, not the dogmatic 
scholastic sources.

 – Reasoning from the particular to the general 
(induction) and reasoning from the general 
to the particular (deduction) act 
synergically.

 – Exploring a relation between cause and effect 
is founded on a hypothesis formulation. A 
proven hypothesis becomes a scientific 
theory.

 – A valuable theory is one which can be verified 
by the most facts considering that best efforts 
must be made to disprove theories. Theories 
are never final.

 – In biology, qualitative analysis must always 
precede quantitative analysis, although the 
application of mathematics to every aspect of 
science remains a major goal.

 – Insufficient or neglected observations always 
correlate with questionable results.

 – The “ardent desire for knowledge which is the 
sole torment and sole happiness” of investiga-
tors corresponds to the true scientific spirit, 
which shall always prevail.

Knowledge development was addressed by 
Jean Piaget (1896–1980) who postulated funda-
mental distinctions among three kinds of knowl-
edge: social knowledge, physical knowledge, and 
logico-mathematical knowledge.

Piaget’s theory is based on the idea that knowl-
edge acquisition is a process of continuous self- 
construction shaped by interactions of the child 

with the surrounding world; we can assume that 
this process persists all along our life.

The association of physical and logico- 
mathematical knowledges renders the observable 
world understandable to us by incorporating the 
rules of basic logical inference in everyday 
activities.

The masterpiece of Donald Brunette, “Critical 
Thinking. Understanding and Evaluating Dental 
Research” [2], crystallizes decades of reflections 
on methodology and applies them specifically to 
the dental research field.

This fascinating book covers rhetoric and 
logic, methodology, research strategies, probabil-
ity and statistics, experimental designs, scientific 
publications, diagnostic and clinical decision. It 
represents a decisive contribution to dental surgi-
cal research that everybody in the area should 
read and reflect upon.

It is worth mentioning the team around Hans 
Troidl et  al. [3] and Wiley Souba and Douglas 
Wilmore [4] for their respective almost unbeat-
able classic books which brushed the broad land-
scape of Surgical Research in medicine.

1.3  The Endless Revolution

Producing new knowledge or identifying new 
ways of making existing knowledge accessible to 
the surgical/medical community, patients, and 
stakeholders is the ultimate purpose of Surgical 
Research. A genuine systematic approach of rea-
soning, documenting, analyzing, and reporting 
preclinical and clinical observations must occupy 
our daily working sphere and participate in a sur-
gical revolution encouraging surgeons to become 
better researchers by intertwining surgical 
research and daily practice.

The word revolution covers here two different 
senses: a movement in a circle or curve around a 
central point and a far- reaching and drastic 
change in ideas, methods, and understanding.

The never-ending circumvolution of this 
Archimedean screw (Fig. 1.1) applies to the gen-
eration of knowledge and, consequently to the 
revolutionary research process itself.

1 The Method Sets the Tone
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Fig. 1.1 Surgical Research Archimedean screw: the spires which shape the nonending thread

At this stage of our demonstration, two deci-
sive elements must be outlined:

 – the importance of the hypothesis and,
 – the study design.

1.3.1  The Hypothesis

To guide this process, methodologists pay atten-
tion to the process of defining the population of 
interest, the options/interventions under consid-
eration, the outcomes that will sustain the 
 decision, and the settings where the options 
would be implemented, always prioritizing a 
population or system-level perspective.

But prior to choosing the study design, a valid 
research question which will be eventually for-
mulated as a hypothesis, must clearly emerge.

The research question aims at focusing on one 
primary issue only.

A well-built research question should encoun-
ter four parts, referred to as the PICO format/
framework/model, which considers Patient/
Population (clinical or experimental situation), 
Intervention (diagnosis, treatment, procedure, 
and product), Comparison (alternative), and 
Outcomes (measurements and results).

The PICO format is used to explore the causa-
tion of disease, diagnosis of a disease or therapy, 
and prognosis of a particular condition.

Although developed to answer a clinical or 
healthcare-related question [5], it was argued that 
PICO might be useful for every scientific 
endeavor, even beyond clinical settings, if applied 
to interventional and experimental designs.

1.3.2  The Design

In vitro, preclinical and clinical study designs for 
various questions arising from dental clinical 
practice or knowledge are presented in the 20 fol-
lowing chapters of this book.

It is to be kept in mind the usefulness of a pilot 
phase before starting with any large study. A pilot 
phase can efficiently contribute to making the 
investigator(s) and his/her staff familiar with the 
work to be performed, refine the design and save 
time, re-evaluate, and control costs.

1.3.3  Evidence-Based Dentistry

The definition of evidence-based medicine or 
dentistry is victim of the occurrence which con-

M. M. Dard



5

sists in defining a term by using the same word-
ing as within the term itself. Thereby it can be 
found written that evidence-based medicine or 
dentistry relates to “available evidence” or “best 
evidence” or “relevant evidence” or “evidence 
appraisal” or “sufficient evidence” or “clinical 
evidence” or “research evidence”. This reverts to 
a vague or even non-understandable definition. 
The expression “evidence-based dentistry” 
deserves a much more accurate and precise 
definition.

Nowadays, it remains that making clinical 
decisions about the proper use of devices, materi-
als, technology, and procedures in daily dental 
practice (clinical expertise pillar) involves the 
correct interpretation of scientific data (research 
pillar) for the benefit of the patients in a con-
scious and responsible way (patient value pillar).

1.4  Conclusion

Without denying the pivotal role of the research 
question, the main engine triggering a researcher 
forward is his/her research interest which covers 
different aspects such as passion, intellectual 
excitement, desire to serve a community and 
even human-being, own knowledge acquisition 
and world comprehension, corporate, or aca-
demic career development and finances.

Avenues for researchers’ accomplishment in 
surgical research are unfolding in multiple direc-
tions like getting results published in interna-
tional peer-reviewed literature, translated into 
patents, developed into new perspectives for sur-
gical procedures and treatments and building the 
framework of training and education programs.

The above elements shall not only benefit the 
professionals but also influence the patients’ wel-
fare serving his/her dental and general health.

Although methodology in surgical research 
is not questionable one wonders why modern 

research is still confounded by opinion, ambi-
guity, and deference to experts. René 
Descartes, in his time, already fought against 
such spurious behaviors, comments, and spec-
ulations. He rejected that everything could be 
determined by logical analysis and sometimes 
speculations, without recourse to observation 
or experiment.

The mission of Surgical Research in Implant 
Dentistry consists of and will remain in generat-
ing knowledge, transmitting it, and adding clini-
cal value.

We are and we shall remain the Knowledge 
Explorers.
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2Preclinical Studies Design 
and Place of Rodents

Shiwen Zhang, Weiqing Liu, and Quan Yuan

2.1  Experimental Animal Model

2.1.1  Animal Species: Naturally- 
Occurring, Purpose-Bread, 
and/or Genetically Modified

There are many species of mice or rats, such as 
C57BL/6 mice, CD1 mice, BALB/c mice, 
Sprague-Dawley (SD) rats, and Wistar rats for 
biomedical research. The most widely used 
mouse and rat strains are C57BL/6 mice and SD 
rats in dental implant studies. C57BL/6 mice, 
also called “C57 black 6,” have the advantages of 
strain stability and easy breeding. The mouse 
genome has been sequenced, and many mouse 

genes have human homologues. The genetically 
modified mouse models could simulate human 
disease to provide new insights into the mecha-
nism of osseointegration at the dental implant 
surface [1]. In addition, C57BL/6 mice are used 
as a background strain for generating congenic 
with both spontaneous and induced mutations. 
Sprague-Dawley rat is a hybrid albino strain with 
a high reproduction rate and low incidence of 
spontaneous tumors. Its calm temperament and 
easy handling are welcome features to scientists. 
Compared to large animals, the easy breeding 
and handling, as well as the genetic modification 
of mouse and rat make them an ideal comple-
mentary model for dental implant research.

2.1.2  General Use in Medical 
Devices Research

In general, rodents are more convenient for 
disease- associated research. Systematic disease 
models, such as osteoporosis, diabetes, and 
chronic kidney disease, have been created on 
mouse or rat to evaluate the implant osseointegra-
tion in compromised conditions and the treat-
ment effect [2, 3]. In addition, the fast turnover 
rate of bone reconstruction and the rapid occur-
rence of biological processes make the small- 
animal model very suitable for pretesting 
experiments before moving to large animals or 
human trials. More importantly, the sequencing 
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of mouse and rat genomes smoothed the progress 
of transgenic and knockout models, contributing 
to the knowledge of the function and modulation 
of specific genes in implant osseointegration.

2.1.3  Financial Considerations

Laboratory rodents such as mouse and rat are 
often used before larger animals. Because they 
are comparatively more cost-effective and easier 
to house and handle, they yield larger sample 
numbers and the availability of molecular and 
cellular biological reagents [4–6].

2.2  Surgical Model

2.2.1  Surgical Anatomical Site 
and Surgical Procedures 
for Implant Dentistry

2.2.1.1  Surgical Locations

Extraoral

Anatomy and Histology
The most often chosen location for implant inser-
tion in mouse or rat is the anterior-distal surface 
of femur metaphysis and the medial-proximal 
surface of metaphysis in tibia, since there is more 
trabecular bone in these sites, which partially 
resembles the situation in alveolar bone [7]. 
Femoral condyle is selected when investigating 
the impact of the osteoporotic condition on bone- 
implant integration [8] (Fig. 2.1).

The anterior-distal flat surface of femur 
metaphysis instead of the midshaft or femoral 
condyle was chosen for several reasons. First, in 
view of anatomy, the cortical bone becomes 
thicker toward diaphysis while the diameter of 
the femur progressively decreases [9], therefore 
if we insert an implant at diaphysis, it is very 
likely that the implant will be supported by bicor-
tical bones, or the implant need to be miniature. 
Second, the flat area of the anterior-distal surface 
of femur metaphysis is much larger than we 

could find in the diaphysis part of the femur, thus 
providing sufficient bone tissue to surround the 
implant. Still, reduced-sized dental implants are 
used (2 mm in length, around 1 mm in width). 
Third, implant inserted into this site avoids dam-
aging the epiphyseal growth plate, where carti-
lage proliferates to cause the elongation of the 
bone. Thus eliminates the possibility of interfer-
ing with normal femur growth, which is common 
when implant is placed via femoral condyle. 
Considering the fact that bone growth in rats con-
tinues much longer after sexual maturity than in 
humans [10].

Once an implant is placed, cortical bone, 
which is thick and dense, provides primary sta-
bility. Next, cancellous bone is actively involved 
during bone-implant integration by forming new 
bone around the implant. Bone marrow, which 
contains numerous blood vessels and capillaries 
and the multipotent progenitor cells plays an 
important role in implant osseointegration.

Function and Physiology (Movement, 
Loading)
In general, dental implants are osseointegrated to 
withstand loading pressure. However, the 
implants are not loading if inserted into extraoral 
sites, like femur or tibia.

Inserting implant into hindlimbs itself intro-
duce potential complications for disabled rodents, 
so it is recommended to perform surgery on only 
one side of the hindlimbs while leaving the other 
side intact to ensure minimal impact on motion. 
However, especially in femoral condyle model, 
in which the implant was inserted into the knee 
joint, and interrupted the growth plate, thus inter-
fering with normal movement and bone growth. 
Therefore, femoral condyle is not recommended 
for animal farewell reasons.

Unlike human, rodents have limited cortical 
remodeling or secondary osteon formation, but 
they can still model cancellous bone responses in 
lumbar vertebral bodies and the distal femoral 
and proximal tibial metaphyses [11].

Long and alveolar bones are derived from dif-
ferent embryonic stem cell populations. The 
mesoderm gives rise to the long bone, while neu-
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Fig. 2.1 Anatomy of the mouse femur and tibia, and 
three most commonly used implant insertion spots. 
(9-week-old C57Bl/6 mouse). The following three points, 
as indicated by round red dots, were usually chosen for 

implant insertion. (1) the anterior-distal surface of femur 
metaphysis; (2) femoral condyle; (3) the medial-proximal 
surface of tibia metaphysis

ral crest-derived skeletal progenitor cells pro-
duce the bones and cartilages of the craniofacial 
bones.

With regard to bone development, femur and 
tibia are formed by endochondral ossification, 
while calvaria is derived from cranial neural crest 
and formed by intramembranous ossification in 
which bone forms directly from an immature 
fibrous stroma.

The detailed response of the periosteum to 
injury coupled with implant insertion was 
reported by Leuchit et  al. [12]. A majority of 
progenitor cells that resides in the cambial 
layer of periosteum differentiated into chon-
drocytes, which were then removed and 

replaced by bone through the program of endo-
chondral ossification.

Advantages/Inconveniences in Implant 
Dentistry
The main advantage of extraoral implant sites in 
rodents is the easy access to operation compared 
to microsurgery in small oral cavities in mice or 
rats.

Another advantage is that long bone heals 
faster than analogous injuries to the craniofacial 
bones. The marrow space in the tibia or femur 
contains abundant osteoprogenitor cells, a robust 
blood supply, and stem cell niche signals, all of 
which are essential for new bone formation. The 
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maxillary bone, however, has little or no marrow 
space and presumably lacks the stem cell popula-
tions that reside in the marrow cavity. However, 
this advantage could also be viewed as an incon-
venience at the same time when considering clin-
ical relevance.

Possible inconveniences are that implant 
osseointegration in craniofacial bones is substan-
tially different from that in long bones. For exam-
ple, preosteoblasts are derived from the cranial 
neural crest in the maxilla peri-implant, whereas 
in the tibia peri-implant, osteoblasts are derived 
from mesoderm. In the maxilla, new osteoid 
arises from the periosteal of the maxillary bone, 
but in the femur or tibia, the new osteoid arises 
from the marrow space.

Another limitation is that rodents do not have 
a haversian system, thus disabling the mouse and 
rat model to simulate the Haversian remodeling 
process during human healing [13].

Although experimental factors, such as age, 
race, sex, pathogenic mechanism, and living 
environment, are well controlled in rodent animal 
models, their biological response may differ from 
that of humans.

Recommendations
The choice of different implant sites is mainly 
determined by the research question of the study.

Overall, the extraoral sites (i.e., tibia and 
femur) are used more often than intraoral sites, 
considering the small size of the oral cavity to 
operate, which makes the implant surgery highly 
technically sensitive. In addition, there is a sig-
nificantly smaller bone to accommodate the 
implant in rodent’s maxilla or mandible com-
pared to their long bones, which, accordingly, it 
requires a much smaller implant, which is hard to 
prepare and inconvenient to handle.

Among the commonly used extraoral sites, the 
femur metaphysis was the most suitable location 
for implant placement due to its relatively larger 
embedded bone volume than the tibia, and it is 
much easier to operate than the femoral condyle. 
When investigating the bone-implant integration 
in osteoporotic bones, rat femoral condyle is sug-
gested [14]. Since osteoporosis occurs most sig-
nificantly in the trabecular bone, the femoral 

condyle is rich in trabecular bone. Since osteopo-
rosis occurs most significantly in the trabecular 
bone, and the femoral condyle is rich in trabecu-
lar bone. However, one should notice that surgery 
in this site would result in joint destruction, 
which compromised animal movement.

Intraoral

Anatomy and Histology
The rat maxillary alveolar bone [15], the first or 
second maxillary molar site [16, 17], as well as 
the above sites in mandible [18] were all ever 
been used for implant placement. At the same 
time, the most often used was located at first 
maxillary molar. The alveolar bone at this site 
was obviously protuberant on the buccal side to 
accommodate the anatomy of the roots. There 
was no obvious boundary between the maxillary 
sinus and nose cavity, and they appeared to merge 
to form a single cavity (Fig.  2.2a). Micro-CT 
analysis demonstrated that the first molar in the 
rat maxilla has five roots, the largest of which 
was the mesial root (Fig.  2.2d, e). The vertical 
and horizontal dimensions of the alveolar bone in 
this region were approximately 2.5 mm (Fig. 2.2d, 
e). For mice, the often-used site was the maxil-
lary alveolar bone area of the first maxillary 
molar after being extracted for several weeks 
[19]. A 1–1.5  mm site in the front of the first 
maxillary molar along the crest bone (Fig. 2.3a) 
has also been used [20]. The reason for choosing 
this site rather than the first molar is probably the 
technical difficulty in extracting and preparing 
the implant bed in the first molar area. Since the 
mesial root of the first molar is mesial tilting 
(Fig. 2.3c), enough safe space should be reserved 
to avoid root injury. There is a relatively flat crest 
bone area with about 1  mm in diameter for 
implant placement (Fig.  2.3b). However, the 
thickness is only 0.6  mm for most areas 
(Fig.  2.3c–e), which means limited primary 
stability.

The soft tissue at these two implant sites, like 
other areas of the oral cavity, is heavily orthoke-
ratinized, as indicated in Fig. 2.3g. The hard pal-
ate extends from the incisors to the posterior of 
the third molars, composed of dense connective 
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Fig. 2.2 Anatomy and histology of adult rat maxilla. (a) 
Shows outline of the maxilla. (b) Shows the magnification 
picture of the first molar area. (c) Shows the soft tissue. 
The yellow dotted line indicates the junction of the palate 
and buccal mucosa. (d) Micro-CT image of the maxilla in 
the coronal section shows the five roots of the first molar, 

and the yellow dotted line indicates the horizontal dis-
tance in this area is about 2.5 mm. (e) Longitudinal micro-
 CT image of the first molar area. The vertical dimension is 
about 2.5 mm. (f) HE staining in the coronal section of the 
first molar area is horizontal. The yellow star indicates the 
cortical bone; the green star indicates the bone marrow

tissue that blends with the periosteum of the pala-
tine process of the maxillary (Figs. 2.2c and 2.3f). 
The oral soft tissue has a quite fast healing speed, 
while a suture is still needed to cover the implant 
to avoid infection. The periodontal ligament 
fibers attach to the bone lining the socket 
(Fig. 2.2f). These ligament fibers will  compromise 
implant osseointegration if the root remains in 
the socket after tooth extraction.

Long and alveolar bones are derived from dif-
ferent embryonic stem cell populations. Neural 
crest-derived skeletal progenitor cells give rise to 
the bones and cartilages of the upper and lower 
jaws, and the mesoderm gives rise to the long 
bone [21]. Different from a long bone, which 
contains larger numbers of osteoprogenitor cells 
and a robust blood supply, the maxilla has limited 
bone marrow and presumably lacks the stem cell 
populations that reside in the marrow cavity [20, 
22], as shown in Figs. 2.2f and 2.3g. For mice, 
there is a reduced amount of trabecular (cancel-
lous) bone in the implant site, and in place of this 
trabecular framework is cortical bone (Fig. 2.3c, e). 

Cortical bone provides primary stability for 
implants.

Function and Physiology (Movement, Loading, 
and Occlusion)
The main functions of the oral cavity are prehen-
sion and mastication of food. The occlusion force 
will generate an effect on the healing of the 
implant. Nowadays, early or immediate loading 
of implants has also become feasible because of 
improved surface characteristics and placement 
techniques. However, it is still true that loading 
during the bone healing period will more readily 
cause the failure of osseointegration and that 
occlusal overloading might lead to implant fail-
ure, even after osseointegration has been estab-
lished [16]. Therefore, the intraoral animal 
model, which can mimic the human oral environ-
ment, is more suitable for studying the mechani-
cal effect on implant osseointegration [23, 24]. 
However, almost all the implant occlusion model 
was created on a large animal. The lack of a 
small-animal experimental model may also 
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Fig. 2.3 Anatomy and histology of adult mouse maxilla. 
(a) Micro-CT image shows the outline of maxilla. Red 
circles indicate the potential implant sites. (b–e) Micro-CT 
images from different views (front and rear sides) in dif-

ferent sections (sagittal and longitudinal) show the poten-
tial implant location. (f) Shows the mouse mucosa in the 
oral cavity. (g) HE staining in the longitudinal section of 
the first molar and implant site area

explain why few studies discuss the loading 
effect.

Alveolar bone is among mammals’ most 
physiologically active bone, perhaps the bone 
that can be resorbed at the fastest rate. Alveolar 
bone displays a 6-day  cycle of formation and 
resorption consisting of resorption for 1.5 days, a 
reversal phase for 3.5  days, and deposition for 
1  day [25]. The fast remodeling process deter-
mines the short observation time of implant heal-
ing, usually 1 or 2 weeks, for healthy conditions.

Advantages/Inconveniences in Implant 
Dentistry Anatomy and Histology
The most advantage of intraoral site is the possi-
bility to simulate the oral environment, such as 
oral bacteria, masticatory and saliva, which can-
not be achieved in the long bone model. 

Furthermore, it is impossible to create peri- 
implantitis model, smoking model, or other mod-
els related to oral cavity in the long bone. In 
contrast, the biggest inconvenience is the small 
bone size which makes visualization and opera-
tion challenging. For mice, the surgical micro-
scope was required for implant bed preparation. 
And the bone volume is quite limited to embed 
some of the commercial, experimental implants 
used in long bone.

Recommendations
The rat or mouse jaw-bones have been used to 
mimic many human clinical situations, such as 
periodontitis, orthodontic tooth movement, and 
periodontal regeneration. However, there is inad-
equately published literature describing the use 
of the rat or mouse jaw bone in dental implant 
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research because the jaw bone is small and diffi-
cult to operate on. While there a number of stud-
ies were performed in intraoral sites to investigate 
the effect of systematic diseases, such as 
 osteoporosis and diabetes, on the healing of den-
tal implants. When healthy animals were used, 
the predominant implant sites were extraoral. 
However, the intraoral site is the only choice to 
create peri-implantitis model, smoking model, or 
other models related to the oral cavity.

2.2.1.2  Surgical Procedures

Extraoral: Description of the Procedures

Animal Welfare, Preparation for Survival 
Surgery, and Anesthesia (General, Local)
All research involving rodents must have approval 
from the researchers’ Institutional Animal Care 
and Use Committee (IACUC) or equivalent eth-
ics committee(s) and must have been conducted 
according to applicable national and international 
guidelines. Approval must be received prior to 
beginning research.

The animals should be kept under climate- 
controlled conditions (25  °C; 55% humidity; 
12 h of light alternating with 12 h of darkness). 
Bottled tap water and standard food are available 
ad libitum. Animals need to be acclimatized to 
the study conditions for 14  days before the 
implant surgery.

Measures should be taken to minimize pain 
and distress in animals undergoing major sur-
gery—appropriate perioperative care, including 
administration of effective anesthetic and analge-
sic drugs.

All surgery needs to be performed under 
proper anesthesia. Inhalation (isofluorane in 
nitrous oxide and oxygen, induction at 5%, main-
tenance at 2–2.5%) is the preferred anesthesia 
method. Only when inhalation anesthesia equip-
ment is not available at your own institute intra-
peritoneal injection of a combination of ketamine 
(100 mg/kg) and xylazine (10 mg/kg) should be 
used. In addition, buprenorphine (0.05  mg/kg) 
should be given both pre- and postoperatively 
(every 12 h for 48 h) for analgesia to minimize 
suffering and pain.

Surgical Step by Step: Anterior-Distal Surface 
of Femur Metaphysis
 1. Position of the animal: Mouse was immobi-

lized supine with the knee joint in a maxi-
mally flexed position.

 2. Skin preparation: the corresponding skin 
region, delineated by the red box in Fig. 2.4a, 
need to be shaved and disinfected with 7.5% 
povidone-iodine professional veterinary use 
surgical scrub (Betadine, Stamford, CT, 
USA)—all the following procedures needed 
to be done under aseptic conditions.

 3. Skin incision (Fig. 2.4b): A 1.5 cm-long skin 
incision was made longitudinally to the femur 
just above the knee joint.

 4. Exposure and immobilization the operating 
field (Fig.  2.4c): After careful exposure via 
muscle blunt dissection, the anterior-distal 
surface of mouse femur was chosen as the 
implant insertion site.

 5. Preparation of the implant site: Implant site 
was prepared by sequential drilling with 
0.7 mm round bur and 1.0 mm surgical stain-
less steel twist drills (Fig.  2.4d); laboratory 
handpiece driven by the NSK MIO electric 
dental micromotor (Fig. 2.4e). Drilling should 
be strictly perpendicularly to the surface of 
the cortical bone on the designated implant 
insertion surface. At the same time, drilling 
should also be under ample cooled sterile 
saline irrigation, and the speed should not 
exceed 1500 rpm to avoid thermal bone necro-
sis. The final hole appears as it is shown in 
Fig. 2.4g.

 6. Experimental implant (Fig.  2.4f): Institut 
Straumann AG (Basel, Switzerland) provides 
researchers with the experimental titanium 
implant 1 mm in diameter and 2 mm in length 
(sterile, ready to insert, unthreaded cylindri-
cal, SLA surface).

 7. Implant insertion (Fig. 2.4h): The implant was 
press fitted into the drilled hole by hand.

 8. Wound closure (Fig.  2.4i): Muscles were 
carefully sutured with 6-0 silk to cover the 
implant and further guaranteed the stability of 
the implant and its protection in the biological 
environment. The skin was closed with 5-0 
silk.
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Fig. 2.4 Implant surgery procedure in mouse. (a) Skin 
preparation, red box indicates the corresponding skin 
region of implant site. (b) Skin incision. (c) Exposure and 
immobilization the operating field. (d) 0.7 mm round bur 

and 1.0 mm twist drills. (e) Laboratory handpiece for 
implant insertion. (f) Experimental implant. (g) Implant 
sites prepared in the distal end of femur. (h) Implant inser-
tion. (i) Wound closure

 9. Allow the animal to recover on an appropri-
ately heated surgical pad and closely monitor 
the mobilization of the hind limbs. Only when 
the mouse or rat starts to move around freely, 
you can return the mice to the cage in the ani-
mal facility.

In rats, the surgical steps are principally 
similar to that in mice. Given the larger size of 
the rat, the bigger implant is possible; there-
fore, accordingly, wider and deeper implant 
holes were drilled. The rat femur could hold 
the implant 2.5  mm in length and 1.2  mm in 
diameter, while the rat tibia was able to accom-
modate a screw- shaped implant 4.0  mm in 
length and 2.2  mm in diameter [26–29] or 
4.1  mm in length and 1.0  mm in diameter 
[30–32].

Surgical Step-by-Step:Femoral Condyle
Generally, placement of the implant at femoral 
condyle is similar to that of aforesaid. The differ-
ences are listed as followings:

 1. Incise the knee joint capsule longitudinally.
 2. Fully expose the knee joint by lifting the 

patellar ligament gently and moving it later-
ally, which could be facilitated by a slight 
extension of the knee.

 3. At the intercondylar notch, a cylindrical hole 
was prepared parallel to the long axis of the 
femur [8].

After exposure to femoral medullary cavity, 
there is an alternative way to create the hole and 
insert the implant. One group expands the bone 
cavity with electroporation until it is large enough 
to hold the implant. After implantation of the Ti 
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rods, the surgical site was closed layer by layer 
after the opening hole in the femur condyle was 
sealed with bone wax [33].

Surgical Step by Step: Medial-Proximal Surface 
of Tibia Metaphysis
For the tibia, the proximal medial aspect of the 
metaphysis was usually chosen as the designated 
implant site. The proximal limit of the entry point 
was delimited by a virtual line perpendicular to 
the long axis of the tibia and crossing the anterior 
edge of the growth plate centrally, which is 
curved in this central region anteriorly and inferi-
orly. A second anatomical landmark was a virtual 
line going from the inferior border of the tendi-
nous insertion on the proximal anterior tibial 
crest to a medial tendinous insertion probably 
corresponding to the pes anserinus in humans; 
the point of implantation was mid-way between 
these two tendinous insertions. With such land-
marks X-ray examination demonstrated the 
implant to be in contact with the trabecular bone 
of the proximal tibial metaphysis, at a distance of 
2 mm from the growth plate proximally along the 
axis of the tibia [31]. The depth of the inserted 
part of the implant into the bone corresponded to 
the length of the nonthreaded part of the implant. 
Only the threaded part remained outside the bone 
for prehension for the pull-out test.

Follow-up and Termination
Rodents are euthanized by carbon dioxide inhala-
tion. If blood tests are required, blood could be 
collected by cheek pouch puncture prior to eutha-
nasia. Femurs or tibias carrying the implant are 
harvested and dissected carefully by removing 
adhering soft tissues and fixed in 10% buffered 
formalin for 1 day at 4 °C.

Recommendations
The general stages of implant healing in mouse 
tibia resembled those in larger animal models and 
supported the use of this model as a test bed for 
studying cellular and molecular responses to differ-
ent biomaterial and biomechanical conditions [34].

Generally, we would recommend the use of 
the anterior-distal surface of femur metaphysis as 
the implant insertion site.

Femoral condyle might also be a suitable loca-
tion to evaluate the osseointegration of bone 
implants placed in an osteoporotic condition [8]. 
However, for animal welfare reasons mentioned 
before, femoral condyle is not routinely 
recommended.

Intraoral: Description of the Procedures

Animal Welfare, Preparation for Survival 
Surgery and Anesthesia (General, Local)
Animal welfare is the same as extraoral procedures. 
For the intraoral site, the anesthesia was performed 
through intraperitoneal injection of Ketamine–
Xylazine solution. After anesthesia, the mouth was 
rinsed using a povidone-iodine solution before the 
surgery. A stereomicroscope was needed to mag-
nify and illuminate the surgery area.

Surgical Step-by-Step: Rat
 1. Oral cavity exposure: The rat maxillary area 

was fully exposed to facilitate tooth extraction 
after being anesthetized and the oral cavity 
cleaned (Fig. 2.5a).

 2. Tooth extraction: The first molar was extracted 
using a modified probe and toothed forceps, 
and the mesial root socket was then inspected 
to ensure no broken root remained (Fig. 2.5b).

 3. Implant site preparation: A 1.8 mm diameter 
drill was used to create the osteotomy to a 
depth of 2.5–3.0 mm with a speed of 1000 rpm 
(Fig. 2.5c).

 4. Implant placement: An implant of 2  mm in 
diameter and length was placed into the 
mesial socket until the most coronal parts of 
the implant coincided with the bone crest, and 
primary stability was achieved (Fig. 2.5d).

 5. The flap was then closed with 6-0 sutures, and 
the implant was fully submerged (Fig. 2.5e).

Surgical Step-by-Step: Mouse
 1. Exposure of operation field: the mouse was 

laid down on a foam board, and the four arms 
were fixed with adhesive tape. A custom- 
made mouth gag was used to fully explore the 
surgery sites (Fig. 2.6a).

 2. Flap: a transverse incision was made from the 
maxillary first molar to the mid-point on the 
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Fig. 2.5 Surgery procedure of rat. (a) The rat’s oral cav-
ity was fully exposed to facilitate tooth extraction. (b) 
Extraction of the maxillary first molar. (c) A 1.8 mm hole 
is prepared in the mesial socket. (d) The 2 mm diameter 

titanium screw-type implant is placed manually, followed 
by careful rinsing. (e) Wounds are closed with nonabsorb-
able single interrupted sutures. (f) Soft tissue covered the 
healing implant 1 week after surgery

a b c

d e f

Fig. 2.6 Surgery procedure of mouse. (a) Preoperative 
photograph of the alveolar crest, anterior to the maxillary 
first molar; yellow dotted line indicates incision. (b) A 
full-thickness flap is elevated to expose the alveolar bone. 
(c) A 0.45 mm hole is prepared on the crest, 1.5 mm ante-
rior of the first maxillary molar. (d) The 0.6 mm diameter 

titanium screw-type implant is placed manually, followed 
by careful rinsing. (e)Wounds are closed with nonabsorb-
able single interrupted sutures. (f) Soft tissue covered the 
healing implant 2  weeks after surgery. A yellow dotted 
circle indicated the implant site
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Fig. 2.7 Micro-CT images of implant in maxilla in different directions after 2 weeks of healing

alveolar crest until behind the incisor, fol-
lowed by a full-thickness flap. The entire 
extent of the bone where the implants are to 
be placed was exposed (Fig. 2.6b).

 3. Creating the pilot hole for the implant: an 
implant site was made on the crest 1.5 mm in 
front of the first molar using a bur drill, and 
then a 0.45 mm pilot drill was used to prepare 
the implant hole (Fig. 2.6c).

 4. Implant placement: After implant bed prepa-
ration, a 0.6 mm titanium implant at length of 
1.5  mm was screwed down into the implant 
bed, maintained by a needle holder. A small 
part of implant was left exposed above the 
crest bone (Fig. 2.6d).

 5. Suture: The flap was closed using nonabsorb-
able single interrupted sutures (7-0) 
(Fig. 2.6e).

Follow-Up and Termination
The animals were kept warm using a heating 
pad, hot water bottle, or heat lamp after surgery. 
Animals should be checked frequently, prefera-
bly every 10–15 min, turning from side to side 
until recovered. Soft food was administrated for 
2 or 3 days after recovery from anesthesia before 
changed to hard food. The weight was moni-
tored daily to determine if there were any com-
plications in feeding as a result of the bilateral 
molar extraction and implant placement. 
Following postoperative care, the animal is 
allowed to mature and will then be sacrificed 
(Fig. 2.7).

Recommendations
 1. For rats, fracturing of the tooth roots is a com-

mon observation. If the implant is placed in 
contact with the remaining roots, there is a 
possibility of forming an encapsulation from 
the periodontal ligament, thus reducing the 
degree of osseointegration. So, make sure that 
an intact root has been extracted.

 2. There is thinner bone on the palatal side com-
pared to the buccal side for rat first molar. 
Hence, when preparing the implant socket, 
the drill position should be slightly more 
toward the buccal than the palatal side, at least 
0.5 mm away from the mesial root extraction 
socket, rather than just following the direction 
of the extraction socket.

 3. A shorter implant is recommended to avoid 
the incidence of sinus perforation for rats.

 4. For mice, a drill smaller than the implant and 
screw-type implant was often recommended 
to increase the primary stability of implant.

 5. Sometimes, especially for mice, a stereomi-
croscope is required for the surgery process.

2.3  Investigative Methods 
of Evaluation

2.3.1  X-Rays

X-ray examination is the easiest and quickest 
method, mainly as the preliminary analysis of 
extraoral sites, but it may not be suitable for 
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intraoral sites. X-ray could show whether the 
implants were surrounded with bone without any 
notable radio translucent gap or not. The X-ray 
can also be used to confirm that the implants 
were free from cortical bone support from the 
bottom sides of the implants.

Before submission to X-ray examination, 
femur or tibia needs to be fully dissected from 
surrounding muscles and soft tissue. Mouse or rat 
hindlimbs can be analyzed with a Faxitron 
MX-20 specimen radiography system (Faxitron 
X-ray Corp., Buffalo Grove, IL).

2.3.2  Micro-CT

Although histological analyses provide unique 
information on cellularity and dynamic indices of 
bone remodeling, they have inherent limitations 
by presuming that the bone microarchitecture is 
plate-like. To this end, high-resolution 3D imag-
ing like micro-CT allows direct 3D measurement 
of trabecular morphology, such as trabecular 
thickness and separation. However, it has to be 
noted that metallic scattering artifacts of X-rays 
could prevent accurate evaluation of trabecular 
bone around the implant.

Micro-CT can be used to characterize trabecu-
lar bone morphology, which contributes substan-
tially to bone quality. Parameters such as bone 
volume fraction (BV/TV), trabecular number 
(Tb.N), trabecular thickness (Tb.Th), and trabec-
ular separation (Tb.Sp) are commonly compared 
between experimental and control groups. Some 
researchers also reported connectivity density 
(Conn.D) and the structure model index (SMI).

An important issue that should be considered 
when assessing bone morphology in long bones 
of small animals like rodents is that not all tra-
becular bone sites show equally rapid alterations 
in bone structures by establishing the disease 
model (e.g., hypogonadism [35]). Based on this 
knowledge, the region of interest needs to be 
well-defined [8].

When choosing the region of interest, it is rec-
ommended to refer to your histomorphometric 

measurements on H&E-stained sections in the 
same experiment. Only the area new bone was 
formed around the implant needs to be included.

The titanium implant and bone were seg-
mented individually using two distinct threshold 
values [31] because of their different densities.

Assessment of bone morphology by micro-CT 
scanning is nondestructive, thus samples can be 
used subsequently for histology or mechanical 
testing.

2.3.3  Histology (Remove Implant 
or Not)

Histological analysis was the most commonly 
used method, including different qualitative and 
quantitative methods to assess the implant–bone 
interface.

The femur or tibia carrying the implant can be 
processed either undecalcified or decalcified.

The undecalcified histological preparation 
allows the implant to remain in situ, thus enables 
the evaluation of the intimate contact of trabecu-
lar bone at the implant surface.

Specimens were dehydrated and embedded 
in light-curing epoxy resin (Technovit 
7200VLC, Hereaus Kulzer, Wehrheim, 
Germany). Embedded specimens were sawed 
perpendicular to the longitudinal axis of the 
implants at a site 0.5 mm from its apical end. 
Then the specimen was grounded to about 
50 μm thickness with a grinding system (Exakt 
Apparatebau, Norderstedt, Germany). 
Subsequently, the sections are usually stained 
with Stevenel’s blue and Van Gieson’s picro 
fusin stain [36–40], toluidine blue [28], or 
Goldner’s trichrome stain [41]. It should be 
noted that for undecalcified samples if immu-
nohistochemistry is required, Technovil 9100 
(Heraeous Kulzer) must be used instead of 
Technovil 7100 used in standard histology [42].

On the other hand, decalcification removes the 
calcium ions from the bone, thereby making the 
bone flexible and easy for pathological 
investigation.
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After decalcification, the implants were gently 
removed, and then the sample could be processed 
like any other soft tissue, i.e., dehydrated in an 
ascending series of ethanol, cleared in xylene, 
and embedded in paraffin, sectioned using micro-
tome to a thickness of 5 μm, and finally mounted 
on a glass slide [43]. Immunohistochemical 
staining [12, 43] and in situ hybridization [12, 
34] can be routinely performed on these decalci-
fied paraffin-embedded sections like ordinary 
soft tissue.

The embedded block could be sectioned in 
two directions, transverse [36–39, 43] or longitu-
dinal to the long axis of the implant [12].

In general, it is recommended to cut the block 
perpendicularly, thus resulting in a section with 
the cylindrical implant in the middle with sur-
rounding newly formed bone, which yields more 
consistent results.

Longitudinal sections are often employed to 
show the bone formed between each screw; how-
ever, in order to be consistent, you need to con-
firm that the selected section crosses the diameter 
of the implant. Only one section representative of 
the implant mid-portion was used for subsequent 
histometric analyses.

2.3.4  Optics and Electronic 
Histology-Histomorphometry 
(Including 
Immunohistolabeling)

Bone labeling facilitated several analytic time 
points throughout the study without an increase 
in the number of animals being used. Bone- 
seeking fluorochromes provide a useful tool for 
analyzing bone formation sites, time, and amount 
of bone deposition. The administration of several 
fluorochrome colors provides spatiotemporal 
information on the dynamics of bone regenera-
tion in the vicinity of the implant surface over 
single labels. Considering the fact that bone- 
implant integration takes place within the first 
few weeks in rodents, a shorter period between 
the injections of markers is recommended.

Images of the implant and peri-implant–bone 
tissues were digitized and histomorphometrically 
analyzed with NIH Image J (National Institutes 
of Health, USA). Bone-implant contact (BIC) 
was calculated as the linear percentage of direct 
bone-to-implant contact to the total surface of the 
implant; and the bone volume (BV/TV) in the 
circumferential zone within 100  μm of the 
implant surface was calculated. The following 
formulas were used for analysis (Fig. 2.8).

For the threaded implant, the percentage of 
bone-to-implant contact (BIC), bone area (BA) 
within the threads of the implant, and the per-
centages of bone density (BD) proportion of min-
eralized tissue in a 500 μm-wide zone adjacent to 
the implants [26, 29] were obtained bilaterally.

2.3.5  Biomechanics

Biomechanical characterization is an important 
evaluation parameter of bone as supporting tissue 
[44], which can be evaluated by push-in test, 
pull-out test, push-out test, and reverse torque 
test [9].

2.3.5.1  Push-in Test
The push-in test was developed as a rapid, sensi-
tive assay system for assessing bone-implant 
integration rather than the strength of the sur-
rounding bone, which provides clinically and 
functionally relevant information [9].

Femurs carrying implant were embedded into 
auto-polymerizing resin with the top surface of 
the implant level. To prevent the auto- 
polymerizing resin from infiltrating into the areas 
where there is no contact between bone and 
implant, soft wax was used to seal the 3 mm area 
around the bone-implant interface. It should be 
noted that the orientation of the implant when 
embedding is critical for the reproducibility and 
accuracy of the push-in test.

The crosshead was moved as close to the spec-
imen as possible without touching it with the 
push-in rod. Thereafter, a vertical force (parallel 
to a long axis of implant) with a displacement 
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Fig. 2.8 Bone-implant contact (BIC) calculation. (a) 
transversal undecalcified section of implant and surround-
ing bone; (b) blue lines represent the length of bone- 
implant contact; (c) yellow lines represent the 

circumference length of the implant; (d) blue lines repre-
sent the length of bone-implant contact, while yellow 
lines represent the length of implant surface without direct 
contact with bone

a b

c d
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speed of 1 mm/min was applied to the implant. 
The test was stopped when the peak force was 
reached (representing implant loosening) and 
was recorded in Newton (N). The push-in value 
was determined by measuring the peak of the 
load–displacement curve [36–39].

2.3.5.2  Pull-Out Test
For pull-out test, the implant needs to be custom-
ized to leave specific threaded part outside of the 
implanted bone for prehension. A specifically 
designed metal device, with two flat supports set 
at a distance of 5.6 mm from each other on which 
the medial zone of the proximal tibae was laid, 
and another metal piece was screwed onto the 
threaded part of the implant. The pull-out strength 

was determined as the peak force applied to fully 
loosen the implant from the bone as measured 
with an electromechanical system (Instron 5566; 
Instron Corp., High Wycombe, UK) with the 
actuator displaced at 2 mm/min [30, 45].

2.3.6  Bacteriology

Bacteria dwelling around the implant and 
within surrounding bone tissue can be analyzed 
quantitatively by the spread plate method, and 
results are reported in colony-forming units 
(CFUs) [33]. Bacteriology test was mainly per-
formed in the intraoral model of peri-implanti-
tis studies.

Fig. 2.8 (continued)
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2.3.7  Genomics

Overall, it should be noted that biomechanical 
evaluation of implant osseointegration is not 
 necessarily correlated with histomorphometric 
measurements [46]. By means of a combination 
of histomorphometric and biomechanical evalua-
tion, implant in rodents provides a simple and 
valid in  vivo model for research on implant 
osseointegration.

2.4  Flag Ship Results 
from the Literature Using 
These Experimental-Surgical 
Models (Outlining Your Own 
Results): Critical Mini-Review

Over the last few decades, dental implants have 
been a common treatment alternative for missing 
teeth replacement with a remarkably low failure 
rate. The widespread acceptance of dental 
implants has driven significant research activity 
aimed at improving their effectiveness. To this 
end, modification of the implant surface [47] and 
local or systemic treatments [48, 49] have all 
been explored to improve osseointegration or 
shorten the implant healing process. The undesir-
able effects of systemic diseases (e.g., diabetes 
and osteoporosis) on the osseointegration of 
implants have also been examined. In order to 
assess the effects of these parameters on osseoin-
tegration and bone regeneration, various animal 
models have been routinely used before proceed-
ing to human clinical trials [50]. The use of ani-
mal models is an essential step in the testing of 
dental implants prior to clinical use and evaluat-
ing the effect of different kinds of diseases on 
bone–implant interactions [51]. Large animals, 
especially dogs, are the most often used in the 
study of dental implants for their similarity in 
bone composition and density, as well as similar 
bone remodeling and bone turnover with human 
[52, 53]. However, these models are large, expen-
sive, number limited and difficult to handle. 
Furthermore, the genetic background of many of 
these animals has not been established [54]. 
Small animals, such as mouse and rat are often 

used before moving to larger animals, not only 
because of their cost-effectiveness, easy to hous-
ing and handling, and larger sample numbers, but 
also because they can be used to mimic human 
systematic diseases, such as osteoporosis and 
diabetes [20]. Although possessing these advan-
tages, there are significant limitations to consider 
when extrapolating implant findings from small 
animals to human, including significant differ-
ences in bone structure, rates of growth, and size 
[50].

There are several factors to consider when 
selecting rat or mouse model for dental implant 
research. The first challenge is the identification 
of a suitable implant site. Historically, the pre-
dominant implant sites for dental implant place-
ment in mouse or rat models are extraoral, that is, 
femur or tibia, as these sites are relatively easy to 
perform surgery and have sufficient bone tissue 
to embed implant [53]. The tibia, mainly at the 
proximal metaphyseal region and the femur at 
posterior-lateral aspect, was the most often cho-
sen location [55, 56], because there is more tra-
becular bone in these sites, which partially 
resembles the situation in alveolar bone [7]. 
However, several issues need to be considered 
when choosing extraoral sites for the study of 
dental implant osseointegration other than intra-
oral ones. The long bones have a different devel-
opment origin and ossification mechanism from 
the craniofacial bone [21, 57]. In addition, it is 
impossible to simulate the oral environment, 
such as oral bacteria, masticatory and saliva, 
which may have important influences on the 
osseointegration process [20]. For example, stud-
ies that have used long bones showed that osteo-
porosis negatively influenced osseointegration. 
However, similar studies when repeated in alveo-
lar bone found that there was no effect on osseo-
integration [58]. Although having these 
disadvantages, it comes as that the majority of 
experimental studies on oral implant osseointe-
gration are conducted in long bones, rather than 
on the maxilla or mandible for small-animal 
models. The most often quoted reasons are the 
bone size in intraoral sites, usually the first max-
illary molar area, is relatively small making visu-
alization challenging. Sometimes, especially for 
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mice, a stereomicroscope is required for surgery 
process [17]. And the bone volume is quite low to 
embed the commercial, experimental implant. In 
addition, compared with alveolar bone, long bone 
contains a very large and pro-osteogenic marrow 
cavity, which facilitates rapid bone formation 
around the implant [9, 10]. Overall, there are no 
ideal implant sites for rat or mouse that can fulfill 
all the requirements and one must know the limi-
tations of these sites. Very recently, Matthieu 
Renaud et al. reported a rat tail vertebrae model 
for implant osseointegration study, which permits 
4 or 5 implants placement with a great stability in 
the same animal at the same time. Thereby, a 
decreased number of rats can be involved. 
Furthermore, live animals can be easily moni-
tored by micro-CT to investigate for bone–
implant contact and bone formation in the vicinity 
of implants [59]. Another implant site, like hard 
palate [60], was also investigated.

As for the implant type and size, the common 
implant designs used in animal models are either 
screw-type (threaded) or cylindrical (rod- 
shaped). Based on the size of animal and bone 
chosen and on the implant design, cylindrical 
implants placed into rat tibial and femoral bone 
are usually 2 mm in diameter, 1.5–2 mm in length 
and 1 mm in diameter for mouse femur or tibia. 
As for intraoral site, the implant sizes are smaller, 
usually 1 mm in width and 2 mm in length for rat 
and approximately 0.5  mm in diameter for 
mouse. There is no consensus suggestion for the 
implant size. However, no matter what size is 
chosen, there should be enough bone surrounding 
implant in order to avoid pathological fracture of 
the test site.

The commonly used methods for evaluating 
the healing condition of dental implant are histo-
logical, biomechanical and radiological analyses. 
Histological analysis was the most commonly 
used method, including different qualitative and 
quantitative methods for assessing the implant–
bone interface, such as percentage of bone-to- 
implant contact (% BIC) and different staining 
for evaluating newly formed bone [53]. Common 
mechanical testing used on tissue harvested from 
in vivo studies include torque removal test, pull- 
out test, and push-out test. These tests are used to 

evaluate the strength of the interaction between 
the bone and implant surface. High-resolution 3D 
methods via the micro-CT could provide further 
insight into the trabecular bone structure around 
implant. However, it has to be emphasized that 
metallic scattering artifact of X-ray prevents an 
accurate evaluation of trabecular bone in the 
close vicinity to the implant surface. Other assay 
methods like microbiological techniques were 
used mainly in studies on peri-implant diseases.

Using the rat or mouse model (mainly divided 
into healthy animal models and those with sys-
tematic diseases), a large number of preclinical 
studies has been performed to reduce the healing 
period and acquire more stable osseointegration 
between implant and bone. Buser et al. reported 
that, among many factors affecting osseointegra-
tion of implant, surface property of implant itself 
plays a key role in the speed of osseointegration 
[6, 7]. Numerous surface modifications which 
including topography modification [61–63], sur-
face coating [64, 65] and local treatment [66–71], 
as well as systemic treatment [72] have been per-
formed on rat models to investigate the dental 
bone-implant interface action. Although rat mod-
els and a few mouse models have been created to 
assay the osseointegration of dental implant, the 
most frequently used animal models for dental 
bone-implant interface studies in healthy condi-
tion are dog and mini-pig [73]. The clear advan-
tage of such animal models is the similar size of 
the jaw-bones compared with human, thus per-
mitting the use of commercially available 
implant. This infers that the results obtained are 
more likely to mimic those expected in human 
[74]. Implant biomaterials are often analyzed in 
rat or mouse models for the screening of various 
parameters, and different surface treatments, for 
example, before entering the second stage of ani-
mal experiments in larger animal models. Another 
concern for choosing rat or mouse model is that it 
offers physiologically shorter bone healing peri-
ods and the ability to use a large number of ani-
mals, and it can be readily manipulated to invoke 
physiologic changes in the animal by surgical or 
pharmacologic intervention.

The most applications of rat or mice models 
for implant research are the experiments on the 
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healing of systemically compromised animals. A 
consensus of the eighth European workshop 
reported that the dog was the most commonly uti-
lized animal model in studies on tissue integra-
tion. Rodents were mainly used in studies on 
tissue integration to implant in systemically com-
promised animals [53]. Osteoporosis and diabe-
tes mellitus are the most common systemic 
diseases that are considered risk factors for com-
promised implant osseointegration [3, 68, 75]. 
Rat models of osteoporosis and diabetes have 
contributed significantly to the pathophysiologic 
understanding of these clinical challenges with 
regard to bone turnover, bone regeneration, and 
pharmacologic therapies. Osteoporosis rat mod-
els were almost all induced by ovariectomized, 
which has been recommended by Food and Drug 
Administration (FDA) as the preclinical animal 
model for testing osteoporotic medications [76]. 
Since osteoporotic conditions occur significantly 
most in trabecular bone, the femoral condyle and 
the tibia, mainly at the proximal metaphyseal 
region, rich in trabecular bone, were suggested as 
a suitable location for studying bone-implant 
interface [7, 8]. Type 1 diabetic rat models which 
induced by a single dose of streptozotocin were 
more often used, although type 2 diabetes melli-
tus is more common in human. An explanation is 
that both types of diabetes have a high blood glu-
cose level in common, which negatively influ-
ences physiologic pathways. With regard to 
implant position, 10 mm below the knee joint on 
the tibia and the posterior-lateral aspect of the 
femur were considered suitable [7]. Overall, 
there is a negative effect of osteoporosis and dia-
betes on the osseointegration of dental implant 
[7, 8, 77]. Treatment strategies including implant 
coating [78] and systemic therapies, such as 
treatment with bisphosphonates [79], parathyroid 
hormone [80], calcitonin [81, 82], or insulin [83, 
84], have also been studies to improve bone- 
implant interface using the above disease models. 
Chronic kidney disease (CKD), as another com-
mon systematic disease, could profoundly influ-
ence bone remolding and the structure of the 
mandible. Our group have created CKD mouse 
models and generated a series of studies about 
the effect of CKD on the healing of dental 

implants. The reason to choose mouse model is 
the easy generation of CKD model, and fast turn-
over rate of mouse bone, which could shorten the 
experimental period. The CKD mice were estab-
lished by a two-step 5/6 nephrectomy and tita-
nium implants with SLA surface (1  mm in 
diameter and 2 mm in length) were placed in dis-
tal aspects of the femur 8 weeks after the second 
surgery of renal ablation. Using this model, we 
have demonstrated that CKD negatively affects 
the osseointegration of titanium implants at the 
early stage [37]. Treatment strategies, such as 
vitamin D supplementation [36] and FGF23 neu-
tralization were also investigated to enhance the 
osseointegration of titanium implants in chronic 
kidney disease mice [38].

Despite that, the general principles for study-
ing osseointegration in these disease models are 
similar. However, different from healthy animal 
models, the researchers should consider several 
factors, such as implant location, the time of dis-
ease induction and implant placement, as well as 
the observation period, when choosing these 
models. Different research questions have led to 
a diversity of animal models to evaluate the 
impact of systematic diseases on the process of 
osseointegration. For example, the main effects 
of OVX on osseointegration were observed in the 
medullary but not in the cortical compartment, 
suggesting that the region of interest must be 
considered. Implants being inserted prior to, 
simultaneous, and after OVX surgery was per-
formed in different studies, which may result in 
variation of the final conclusion. The selection of 
the observation period is also very important for 
animal models with systematic diseases. For 
example, no statistically significant difference in 
bone-to-implant contact was reported between 
diabetic and nondiabetic rats 10  days after 
implant placement. However, 3 weeks following 
implant installation, diabetic rats exhibited a 50% 
lower bone-to-implant contact [84]. Another 
study reported that “little osteogenic activity 
occurred during the initial period of study (sec-
ond and third weeks)” and “the period of highest 
osteogenic activity was at the beginning of the 
fourth week and at the end of the fifth week” 
[85]. Our group demonstrated that the chronic 

S. Zhang et al.



25

kidney disease impaired BIC ratio and strength of 
bone-implant integration at 2 weeks of healing. 
However, there is no significant difference 
between the two groups after a longer healing 
period (4 weeks). Usually, the observation period 
after implantation was longer in OVX rats than in 
diabetic rats. Because osteoporosis is an age- 
related disease that is better represented by adult 
animals, while untreated type 1 diabetes has a 
severe impact on metabolism, for which younger 
animals are more suitable. Researchers should 
know the variations and design the protocol care-
fully before choosing the suitable model.

Another common disease that influences the 
osseointegration of dental implant is peri- 
implantitis. Peri-implantitis has become a global 
clinical problem with a prevalence rate of up to 
56% [86]. The pathogenesis of peri-implant 
lesions remains poorly understood due to the 
nonavailability of inexpensive animal models for 
peri-implantitis. Most animal studies have been 
performed using dogs [87, 88]. Although a large 
number of studies used rat model for periodonti-
tis investigation, there are few studies using rat 
model for peri-implantitis probably because of 
the technical difficulties. Dr. Homayoun Zadeh 
et al. [60] developed a peri-implantitis rat model 
by placing aggregatibacter actinomycetemcomi-
tans biofilm-inoculated implant into rat hard pal-
ate or alveolar ridge. Greater inflammatory 
response was observed around the biofilm- 
inoculated implant, and greater bone volume loss 
was found by micro-CT after 6 weeks of implant 
insertion. Very recently, Theofilos Koutouzis 
et  al. [89] induced a novel intraoral peri- 
implantitis rat model utilizing a polymicrobial 
infection. The amount of bone resorption 
observed for implants subjected to polymicrobial 
infection was greater compared with control 
implants. However, due to the limitation of a 
small sample size of this study, it needs to be con-
firmed with further studies. Treatment study was 
also reported to prevent peri-implantitis through 
immobilizing bacitracin on titanium for prophy-
laxis of infection [33].

Smoking is one of the factors often discussed 
in relation to implant failure. Stefani et al. [90] 
and Nociti Jr. et  al. [91] have investigated the 

effects of nicotine administration on osseointe-
gration and bone density around dental implants 
in rabbit. A slight negative effect of nicotine on 
the bone-to-implant contact around implants with 
machined surfaces was observed. Nociti Junior, 
F. H. et al. have carried out a series of histological 
studies in rat model to investigate the influence of 
cigarette consumption and/or its compounds on 
bone healing around titanium implants [26, 27, 
29, 92, 93]. A cigarette smoke exposure chamber, 
which consisted of a clear acrylic chamber, an air 
pump and two inflow/outflow tubes, was designed 
to create the smoke model. Their results demon-
strated a negative influence of smoking on bone 
healing around titanium implants. Systemic 
administration of nicotine was also used to mimic 
the smoke model in rat [40], and a similar result 
was observed.

Rat has also been used to evaluate peri- 
implant–bone reactions under local conditions 
such as excessive loading [16] and controlled 
moderate loading [94]. The choice of the rat 
model presents a study limitation, since rat lacks 
the haversian bone system. Other rat models, 
such as radiation [95–98], hyperlipidemia [99], 
and osteonecrosis [49], hepatic osteodystrophy 
[100], vitamin D deficiency [101], magnesium 
deficiency [102], protein deficiency [32], aging 
[103] models have also been studied. Although 
these disease models are relatively rare, they 
present a reference to your future related studies.

Among the small-animal models, rabbit and 
rat are the most frequently used for dental implant 
studies. In comparison, mice have the advantage 
of more molecular tools and reagents available 
than rats [104]. The availability of a broad spec-
trum of antibodies and gene-targeted animals 
caused an increasing interest in mouse models to 
study molecular mechanisms of dental implant 
osseointegration. However, few studies suggested 
that this model is suitable for implant placement 
[34, 43]. Implants can either be removed during 
processing or remain in situ for further analysis 
to reveal the level and mechanism of osseointe-
gration. Nowadays, studies employing transgenic 
and knockout mouse models have also provided 
new insights into the mechanism of osseointegra-
tion at the dental implant surface. J.Chen et  al. 
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used two different retroviral gene delivery sys-
tems to achieve local overexpression of SATB2 
after dental implant placement. They demon-
strated that in vivo overexpression of SATB2 sig-
nificantly accelerates osseointegration of titanium 
implants and SATB2 can serve as a potent mole-
cule in promoting tissue regeneration [105]. 
Takato. T et al. used a knockout mice to examine 
the effect of cyclooxygenase (COX)-2 on bone 
response after implant placement in the femur. 
They found that new bone formation was mini-
mal in COX-2−/− mice which suggested that 
COX-2 plays an essential role in osseointegration 
[106]. Gong. P’s group have demonstrated that 
implant osseointegration significantly decreased 
in the α-CGRP−/− mice and α-CGRP overex-
pression resulted in greater gains in osseointegra-
tion [107]. These data imply that lentiviral vector 
system might have a potential application in 
enhancing the osseointegration of dental implants 
in an effective, appropriate and sustained manner. 
With the rapid development of transgenic mice, 
there will be more and more mouse models for 
the mechanism study of osseointegration at the 
dental implant surface.

2.5  Expert Opinion: Balancing 
Models (Experimental 
and Surgical) Validation 
and Validity

Despite dogs or other large animals being the 
most commonly used animal model to study 
implant integration, rodents provide a more rapid 
and economical alternative. In addition, it is more 
convenient to study the effect of systematic dis-
eases, such as osteoporosis, diabetes, and chronic 
kidney disease, using the small-animal model. 
And the easier generation of gene-modified ani-
mals for dental implant research is also their 
remarkable advantage.

In general, for small animals, considering the 
size of the recipient bone tissue and the conve-
nience to operate, the extraoral sites are mainly 
chosen for implant insertion, and the anterior- 
distal flat surface of femur metaphysis was the 

most cited location. For intraoral sites, the first 
maxillary molar was the most often used for rat. 
However, there was no consensual suggestion 
site for mouse owing to the relatively few 
studies.
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3Preclinical Studies Design 
and Place of Rabbits

R. Sandgren

3.1  Experimental Animal Model

3.1.1  Animal Species: Naturally- 
Occurring, Purpose-Bred and/
or Genetically Modified

Rabbits are small mammals from the family 
Leporidae and the order Lagomorpha. Initially, 
they were classified in the same order as rodents, 
but later they were separated into their own order 
because of anatomical differences described by 
Gidley 1912 [1]. These include that the rabbit has 
two pairs of incisors in the upper jaw with its 
additional peg teeth, compared to rodents with 
only one pair [1]. There are differences in the 
dental formula, and in addition, there are also dif-
ferences in the chewing pattern, with only lateral 
chewing in the rabbit but anteposterior and lateral 
in rodents [1].

Rabbits used in research originate from the 
European rabbit, Oryctolagus cuniculus, which 
was spread from their native habitat, the Iberian 
Peninsula, and now exists almost all over the 
world [2].

There are many breeds that display a wide 
range of different features such as size, ear for-
mation, and color. The most common breed used 

in the laboratory is the New Zealand white [3], 
which has a bodyweight of 2–5 kg [4].

Other popular breeds are the Flemish Giant 
(≥9  kg) and the Dutch Belted (1–2  kg) [5], as 
well as the Polish and the Lop rabbits, commonly 
used in implant research [6].

Laboratories have developed different strains 
and lines for research, some of them inbred [2]. 
Since 1985 it is also possible to get a transgenic 
rabbit model [7].

Rabbits can be purchased for research from 
commercial animal breeding facilities and local 
breeders. Local breeders usually do not have the 
same health status as commercial breeders, which 
usually produce specific pathogen-free animals 
and follow a health-monitoring program. The 
commercial animal breeding facilities also have 
standardized breeding programs, housing, and 
handling of the animals. This entails the produc-
tion of high-quality animals.

3.1.1.1  Animal Welfare
Animal welfare should be thoroughly considered 
when performing research. If the welfare of the 
laboratory animal is compromised, the results 
from the experiment may be compromised as 
well.

The welfare of an animal has many dimen-
sions, such as type of housing, health status, 
access to enrichment, outlining of the research 
procedures, mentioning a few. Foundational prin-
ciples regarding animal research ethics and ani-
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mal welfare can be found in Russel and Burch’s 
description of the three Rs (3Rs), replacement, 
reduction, and refinement [8], which should 
always be fulfilled.

Animals are covered by a national federal ani-
mal protection act that varies between countries. 
These regulations are minimum standards that 
must be followed. The animals should be handled 
and treated in the best possible way. The environ-
ment should mimic natural but still allow 
standardization.

3.1.1.2  Handling and Husbandry
For handling and husbandry, it is important to 
have knowledge about natural behavior and needs 
of the rabbit.

Rabbits are herbivores [2] and nocturnal ani-
mals that grace in groups [9]. They are very social 
and territorial [9]. They mark their territory with 
scent glands and feces [9]. The rabbit is a reserved 
and anxious animal in unfamiliar territory 
because it is a prey species [10]. This behavior 
can make them difficult to handle and examine 
because they can either become immobile or 
struggle with stress when being handled [9]. In 
the wild, rabbits dig burrows in the ground to 
hide away from predators and heat.

The national regulations concerning housing 
must be followed but should, if possible, be bet-
ter. Housing properties should make room for 
natural behavior, with an elevated area, a place to 
hide, and sufficient space. The space should not 
only be large enough to contain a rabbit but 
should provide the ability for the rabbit to move 
around and stretch out its long body. This will 
prevent obesity and stereotypic behavior.

For laboratory rabbits, there are specially 
designed cages that fulfill many of the housing 
conditions. These cages give the possibility of a 
single housing. If rabbits are alone in their cages, 
it is important that they can see and smell other 
rabbits [3]. This is important from a welfare 
aspect, since rabbits live in large groups in nature.

If possible, social housing should be chosen, 
which gives them the possibility of interacting 
with other rabbits and a larger space to move 
around [3]. However, in case of surgery and 
implantation in the legs of the rabbit, it can be 

preferable with initial single housing, to reduce 
the risk of fractures. Sexual mature males should 
not be housed together, because of severe fight-
ing [3]. Female rabbits also fight, although gener-
ally less so and with less severe consequences.

The rabbits should also be provided environ-
mental enrichment. This can be accomplished 
with hay and straw. It can even be toys to play 
with. Food items can also be enriching, like a 
piece of apple, banana, or carrot. However, the 
risk of infection from bringing these items into 
the animal facility must be considered.

Diets should be adapted for laboratory rabbits 
and meet their nutritional needs. The amount 
should be limited to prevent obesity, which is a 
common problem in laboratory settings [4]. Diets 
most often come in the form of a pellet; therefore, 
the rabbits should also be offered hay, straw, or a 
woodblock for the wear of the incisors. High- 
fiber content is important for a healthy gastroin-
testinal canal. They should be provided ad libitum 
fresh water.

Most laboratory animals are transported 
between animal facilities before the experiments. 
This very stressful situation can increase the risk 
of disease [11] and affect physiologic parameters 
[12]. Since the rabbit is anxious in new environ-
ments, time should be given, for acclimatization 
in the new animal facility, before an experiment 
starts [13]. If the animal is not acclimatized 
enough, it will be stressed and unsuitable for 
experimentation.

The duration of the acclimatization period 
depends on several factors, the experimental pro-
cedure being one of them, and is therefore diffi-
cult to determine. There are recommendations 
that it should be at least 7 days, but preferably it 
should be 14 days [14].

The anxious behavior of the rabbit and the fact 
that it is a prey animal should be considered dur-
ing handling. This will prevent injury to the rab-
bit as well as to the researcher. During 
acclimatization, the rabbits can get familiar with 
the environment and handling. When the experi-
ment starts, they will be less prone to stress.

Common signs of pain can be anorexia, immo-
bility, and aggressiveness [9]. A rabbit can also 
scream from pain and fear [9].
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There are different techniques for handling, 
and these should be trained before contact with 
the rabbits. Rabbits should not be grabbed by 
their ears; instead, they should be grabbed by the 
skin on their neck. Also, the backlegs must be 
supported to prevent spine fractures and preven-
tion from being scratched. See Fig.  3.1 for the 
holding technique. For fixation, different devices 
can be used, and an example is displayed in 
Fig.  3.2, although wrapping them in a cloth is 
also useful.

3.1.1.3  Health Status
From the animal welfare point of view, it is 
important to know the health status of the ani-
mals. Rabbits with unknown health status can 
appear healthy but have subclinical infections 
that can manifest themselves during stress or dur-
ing anesthesia [14].

Individuals that are free from agents that can 
interfere with the research and animal welfare 
should be selected. Known health status also 
makes it easier to reproduce the results of a study 
[15]. There are recommendations available for 
which agents to test for in rabbits [15].

3.1.2  General Use in Medical 
Devices Research

Animal research is needed for in vivo testing of 
new materials for biocompatibility and mechani-
cal evaluation. The rabbit as an animal model is 
common in medical device research because of 
its many advantages compared to other species.

The rabbit is suitable for implant research 
where dental implants and different forms of bio-
materials can be tested [16]. Because of its bone 
properties, it serves mainly as a screening model 
before implants are tested in larger animals [17]. 
However, it should not be used as a routine and 
must be well-motivated before being chosen as a 
model.

Osseointegration is dependent on two main 
parameters, which form the basis for most 
research on dental implants and bone substitute 
implants [6]. These are; the surface characteris-
tics of an implant and the implant design [18]. 
Interaction between the implant and the biology 
of the host is of clinical importance both in 
human and veterinary medicine [19]. Animal 
models allow testing of the tissue close to the 
implant but also for studying wear particle debris 
in other locations of the body [19].

Research in implant dentistry is important for 
solutions regarding esthetical and functional 
problems in patients with tooth loss [18]. The 
volume of bone available at the implant site is 

Fig. 3.1 Handling techniques where the legs and body of 
the rabbit are supported

Fig. 3.2 Fixation box
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crucial for the placement of a dental implant [20]. 
Severe bone loss can lead to rejection of an 
implant [20]. To increase bone volume, there are 
different options for bone augmentation, like 
onlay bone grafting and guided bone regenera-
tion [21]. The desirable outcome of dental 
implant research is shorter treatment time and 
less surgery-trauma to human patients [22]. This 
can be achieved with early or immediate loading 
of the implants [23] and bone-stimulating charac-
teristics of implants.

Implants can be of different materials and 
shapes, with surface treatments and with coatings 
[24]. Titanium is still considered the gold stan-
dard and is widely used in orthopedic and dental 
implants [25]. Yet advances in dental implanta-
tion are ongoing to find characteristics that will 
stimulate bone healing and increase osseointe-
gration. Grafting material is subject to research 
and newer technology, tissue engineering [26].

Biomaterials can be put in bone defects, usu-
ally a critical size defect (CSD). CSD is a defect 
that has been described by Hollinger and 
Kleinschmidt [27] as a defect that does not regen-
erate more than 10% of its prior bone during the 
lifetime of an animal.

Medical devices can also be tested in rabbits, 
where the model mimics different bone diseases 
and characteristics of bone found in humans. 
These are characteristics like; bone loss—since 
rabbits have endosteal bone loss throughout life 
[28]; irradiated bone, as often the case in clinical 
situations [29]. Also osteoporosis, induced in 
ovariectomized rabbits as monotherapy [30] or 
with either glucocorticoid treatment [31] or a 
low-calcium diet, can be applied with similar his-
tologic changes as in the human diet [32].

Diabetic rabbits can also be used in implanta-
tion models. Hou et  al. [33] investigated the 
effect of insulin on grafting in the maxillary 
sinus. In their study they induced type I diabetes 
in rabbits with intravenous monohydrated alloxan 
to impair the pancreatic beta cells. They then 
compared diabetic rabbits receiving insulin with 
nontreated individuals and showed several sig-

nificant differences including the observation that 
insulin promotes bone formation in diabetic rab-
bits [33].

In a review by Tsolaki et al. [34], the outcome 
of dental implants in osteoporotic individuals in 
animals and human patients is summarized, 
showing the varying results of implants in jaws 
and other skeletal sites, but without controversy 
in osteoporotic patients. Therefore the osteopo-
rotic rabbit model can be applicable, with the 
awareness that the effects of osteoporosis on dif-
ferent bone sites, cortical versus trabecular bone, 
can be different [35].

As with all other animal models, it is impor-
tant to have knowledge of anatomy and physiol-
ogy to know where the model is different from 
the human and how to interpret and extrapolate 
research results. When choosing the rabbit for 
research, one must consider the advantages and 
disadvantages of the model. This chapter high-
lights these differences and guides why and when 
to choose this model.

3.1.3  Financial Considerations

Although cost is always an important parameter 
when setting up a study, the scientific value of the 
research must be prioritized. The most suitable 
model must be chosen, including the correct 
choice of species, proper study design, and ani-
mal welfare. Otherwise, the study would be 
unethical.

Rabbits are easy to breed and, therefore, easy 
to acquire. Individuals can be more cost-effective 
compared to larger animal models [36], although 
specific pathogen-free animals can be more 
costly. For example, the fast bone turnover makes 
the healing periods shorter, leading to shorter 
experimental time and, therefore, less housing 
costs.

Using an animal of intermediate size can be 
advantageous. The number of animals needed for 
a study can be reduced since their size makes it 
possible to place multiple implants and have 

R. Sandgren



35

internal controls [37], compared with the rat, 
where the number of implants is limited due to 
size [17].

3.2  Surgical Model: Surgical 
Anatomical Site and Surgical 
Procedures for Implant 
Dentistry

3.2.1  Surgical Locations, Anatomy, 
and Histology

Following information is anatomical facts and 
comparisons with humans that are important for 
the suitability of the rabbit as a surgical subject 
for the study of dental implants.

3.2.1.1  General Anatomical 
Information

General anatomical features of the rabbit should 
be mentioned, such as their fragile skeleton [38], 
weak spine, and strong muscles, which make 
them prone to fractures [39]. This information is 
important to bear in mind during the handling of 
the animals.

At about 6  months, the rabbit is sexually 
mature, and a peak in bone density occurs [40]. 
Up to 6 months, mineral deposition is continued, 
cortical thickness is increased, and bone mechan-
ical properties are enhanced [41]. Masoud et al. 
studied the bones of New Zealand white rabbits 
and found that skeletal growth was complete at 
28 weeks [42]. Ossification processes and size of 
the rabbit are determined by the same race- 
specific genes [43].

Similar to humans, throughout the rabbits life, 
the bone continues to remodel, with positive bone 
balance on the periosteal bone surface and nega-
tive balance on the endosteal surface, which with 
aging, results in expansion of the bone marrow 
[28]. Also, the toughness of rabbit bone is similar 
to human bone [44].

When looking at remodeling, the sigma value 
(time of remodeling cycle) in humans is 
3–4 months [45], compared to 6 weeks in rabbits 
and the appositional rate of 2 μm per day in the 
rabbit [46]. Roberts et al. concluded that 6 weeks 

is an adequate preloading and healing time, as 
indicated by histology and biomechanical testing 
[46]. These facts make it possible to extrapolate 
the healing time of bone to clinical studies, where 
rabbit has about three times faster bone forma-
tion, remodeling, and maturation than humans 
[46].

The rabbit skeleton comprises 70–80% of cor-
tical bone [40]. It is distributed in longbones 
making up the diaphyses and on the surface of the 
epiphyses. Also, the surface of the shortbones 
and outer and inner layer of the skull is made up 
of cortical bone [47].

Trabecular bone is found inside the longbones 
and between the cortical layers of the skull [47]. 
Bone marrow is found between the trabeculae in 
trabecular bone [47]. Trabecular bone is more 
metabolically active than cortical bone [47].

3.2.1.2  Extraoral

Femur and Tibia
Tibia and femur are long bones, like all mature 
mammalian bones they consist of lamellar bone. 
Rabbit cortical bone has a primary vascular lon-
gitudinal structure [48], a different microstruc-
ture compared to humans, with a secondary 
osteonal bone structure [44].

The different layers of femur cortical bone 
were investigated by Martiniaková et al. [49], and 
their microstructure was described. There are 
four layers as follows:

• the innermost layer is built up by primary lon-
gitudinal canals,

• the next layer shows scarce Haversian systems 
and dense Haversian remodeling,

• the next is primary vascular radial but mostly 
longitudinal bone tissue,

• the outer layer, close to the periosteum, con-
sists of primary vascular longitudinal bone.

The morphology of the cortical bone is deter-
mined by the size and shape of the bone-forming 
units [50]. The rabbit has short primary vascular 
canals in the primary osteons with a mean value 
of 12.49 μm in diameter, and the mean diameter 
of the Haversian canals of the secondary osteon 
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is 17.49 μm [49]. Compared to humans and larger 
mammals (pigs, cows, and sheep), these struc-
tures are the smallest in rabbits [51].

Also, the microstructure within the same spe-
cies can be dependent on several factors such as 
age [52], genetics [53], environmental factors 
[47], and length of the bone [50]. Also, diet has a 
great effect on bone regarding function and 
development [47].

Longitudinal growth of the long bones, depen-
dent on endochondral ossification, stops when 
the rabbit is about 6  months of age [50]. 
Kaweblum et al. [54] performed a radiographic 
and histologic study determining the closure of 
growth plates in the New Zealand white rabbit 
and found that the distal femur closes, histologi-
cally and radiographically 19–24/20–23  weeks, 
respectively, growth plates in the proximal tibia 
close at 25–32/22–27 weeks [54].

The formation of new bone in the tibia has 
been shown to be the way mature tibial bone is 
arranged, with cortical layers with bone marrow 
in between [55].

Comparing juvenile and adult bone shows pri-
mary vascular longitudinal structure in both [52]. 
However, juvenile bone has shown to differ in 
from adult bone with lower density of secondary 
osteons and measured variables of primary osteon 
vascular canals, the Haversian canals and the sec-
ondary osteons were higher [52].

Macroscopically there are differences com-
pared to humans in both size and shape. The 
thickness of the tibial cortex of diaphysis and 
metaphyses is thin, about 1.5 mm [56].

Skull
The calvaria is a flat bone, the membranous part 
of the skull formed by intramembranous ossifica-
tion [57]. Embryologic development of the rabbit 
calvaria is similar to the of human [58]. Also, the 
embryology of the maxillofacial bones is the 
same as well as the morphology in the calvaria 
[59].

The bones of the skull consist of cortical bone 
in the inner and outer layer with thin trabecular 
bone in between [47]. Slotte et  al. studied the 

morphology of the skull, and they found natural 
hollow connections in the cortex, and that the 
right and left bones of the skull have symmetrical 
vessels, bone proportions, and density; thus, the 
bilateral use in research is, therefore, reliable 
[60].

The frontalbones also show age-related 
changes in qualitative and quantitative micro-
scopic structures [61].

3.2.1.3  Intra Oral

Maxilla and Mandible
Rabbits have teeth that are hypsodont [3]. The 
permanent teeth of the rabbit erupt continuously 
[62]. A crown and root do not separate the teeth 
and have open apexes [63]. Other characteristics 
are their peg teeth and the diastema between the 
incisors and premolars [3].

The edentulous diastema in the maxilla has 
been described by Lundgren et  al. [64]; it con-
sists of a compartment of trabecular bone with 
cortical bone around it. Lateral cortex has been 
described as thick and dense with a vaulted and 
even shape. The medial cortex plate is much 
straighter than the lateral. Together with the lat-
eral plate, the medial fuse at the ridge where the 
cortex is the thickest. The trabecular bone of this 
area contains little trabeculae and is, therefore, 
almost filled with bone marrow.

In the mandible, described by Campillo et al. 
[63], the posterior area with teeth has low bone 
volume, and the roots take up a significant part of 
the mandibular bone. It should also be mentioned 
that the alveolar nerve runs in the alveolar canal 
and passes by the apexes. In the anterior area, 
between incisors and premolars, the bone volume 
is larger and contains trabecular bone.

Sinuses
The maxillary sinus in the rabbit is just like in 
humans, covered on the inside with the 
Schneiderian membrane. The air pressure in the 
rabbit maxilla is the same as in humans-isobaric 
[65], and the air pressure will keep the bony wall 
of the sinus in place [66].
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3.2.1.4  Function and Physiology 
(Movement, Loading)

Implants in rabbits will not be loaded the way 
they will in human jaws. This is because they will 
never be connected with an abutment and pros-
thesis used for chewing, whether it is placed in 
the oral cavity or not. Even if they were to be 
used for chewing, rabbits do not have the same 
chewing pattern as humans [1].

However, there can be a load on the implants 
from the rabbit, affected by the posture and 
movement of the rabbit, movement of muscles, 
and other overlying tissue. Also, an applied load 
from attached devices can be used [46, 67]. 
Extraoral sites are easily accessed for daily load-
ing [68].

3.2.2  Surgical Procedures

3.2.2.1  Description of the Procedures; 
Preparation to Survival Surgery 
and Anesthesia (General, Local)

Antibiotics
Antibiotics are sometimes administered as pro-
phylactics as a part of the research protocol to 
avoid infections. It can even be administered in 
case of postsurgical infections. Postsurgical 
infections can inhibit healing and can lead to the 
termination of the animal before the endpoint is 
reached. However, the use of antibiotics should 
be restricted to avoid contribution to the develop-
ment of antibiotic resistance. Instead, sterile sur-
gical techniques should be used. Also, the rabbit 
is sensitive to antibiotics, with administration 
leading to gastrointestinal disturbances [36]. A 
veterinarian should be consulted to evaluate a 
postsurgical infection and medication with 
antibiotics.

Preoperative Care
Preoperative preparations and treatments are very 
important for the course of good anesthesia, 
including the choice of drugs and handling of 
animals [14]. Rabbits are very prone to stress, 
and in combination with anesthesia, it can lead to 
cardiac and respiratory arrest [69].

Rabbits should not have fasted for the avoid-
ance of gastrointestinal disturbances, and neither 
can they vomit [69].

There are many anesthesia protocols available 
for rabbits. The most important aspect of anes-
thesia is to use a refined protocol that the user is 
familiar with. It should be a suitable protocol for 
the procedure that provides a sufficient duration 
and level of anesthesia [14]. A protocol with all 
equipment and techniques should be described 
for the possibility of reproducing a study and 
increase scientific value.

Intraoperative Care
The anesthesia required for any procedure 
depends on the level of pain. For surgical proce-
dures, pain perception must be suppressed either 
by general, local, or regional anesthesia [14]. For 
managing anesthesia and evaluating the required 
level, skills and training in the field is necessary. 
Therefore including a veterinarian prior to and/or 
during the procedure is preferable. Different 
equipment for monitoring physiologic parame-
ters can help the management, but it is not always 
necessary if the clinical assessment of sufficient 
vital parameters can be done. Control of tempera-
ture and oxygen saturation in the blood are exam-
ples of parameters that are recommended to be 
monitored, except for pulse and number of 
breaths, which can be monitored without 
equipment.

Other intraoperative considerations apart from 
the anesthesia are factors that can help maintain 
balanced physiology and welfare, such as heat-
pads, intravenous fluids, eye moisture, and oxy-
gen supply.

Despite many different rabbit anesthesia pro-
tocols, none are specifically made for implant 
dentistry. The only requirement is general anes-
thesia. General anesthesia can be achieved 
through intramuscular injection, intravenous 
route, and inhalation anesthesia, with a row of 
different compounds, alone or in combination.

Flecknell lists different regimes that can be 
used for rabbits in laboratory settings including 
tranquilizers like fentanyl/fluanison, medetomi-
dine, xylazine, acepromazine, diazepam, ket-
amine, alfaxalone/alphadolone [69]. Flecknell 
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also mentions that fentanyl/fluanison with diaze-
pam or midazolam is a good choice for anesthe-
sia in rabbits. In addition, combinations like; 
ketamine with medetomidine, fentanyl with 
medetomidine, thiopentone, and propofol can be 
administered [69].

Inhalant agents can be used in rabbits but 
should be avoided as induction agents because it 
induces aversive reactions in rabbits [70, 71]. It 
should always be administered after premedica-
tion with an injectable drug [69].

When inhalant agents are being used, the rab-
bit can preferably be intubated. Intubation is also 
important for maintaining the airway. The tech-
nique is not easy on the rabbit and should be 
practiced before the experiment starts [72]. 
Intubation is also required where the animal 
needs mechanical ventilation. In the case of 
apnea, artificial breathing and the placement of a 
larynx mask can be lifesaving.

Postoperative Care
Postoperative monitoring is just as important as 
monitoring preoperative and during surgery. It is 
the most common time for an animal to die [73]. 
Animals should be monitored during this time 
until they are fully awake. When they have recov-
ered from anesthesia, they can return to their 
homecage.

Local Anesthesia
Local anesthesia is useful as preemptive analge-
sia and reduces postoperative pain [74]. Common 
drugs are lidocaine and bupivacaine, which can 
both be administered as an anesthetic cream for 
topical use [75]. Drugs can also be injected epi-
durally [76], subcutaneously, and for local nerve 
blocks [14].

Pain Management
Pain should be avoided in all possible events; 
pain relief is important in animal welfare. For 
complete refinement, pain should be recognized 
and treated; however, in rabbits, it can be difficult 
to recognize and demands an understanding of 
the behavior and physiology of the rabbit [72]. 
Though pain management awareness is increas-
ing in clinical and laboratory animal medicine 
[10], Coultier et al. present data showing that rab-

bits undergoing surgical procedures, especially 
orthopedic, are not sufficiently pain relieved [77]. 
This is a welfare problem that needs to be 
addressed [77]. In the case of survival surgery, 
multi-modal, preemptive, intra-, and postopera-
tive analgesia should be used [78, 79].

A grimace pain face scale can help the rabbit 
evaluate and recognize pain [80]. Other indica-
tors of pain are anorexia and weightloss [78], 
teeth grinding, reduced growth of fur, and 
reduced motility [72].

For analgesia, opioids as well as nonsteroidal 
anti-inflammatory (NSAIDs) agents, can be used. 
Common opioids are butorphanol, buprenor-
phine, morphine, hydromorphone, oxymorphone, 
and fentanyl [10]. When using these agents, one 
must be aware of the side effects. Especially fen-
tanyl can cause adverse effects like as anorexia 
and ileus; however, pain-induced ileus can also 
occur and is much more difficult to treat [10]. 
Buprenorphine and butorphanol are commonly 
used to treat mild to moderate pain [10].

NSAIDs are commonly used analgesics and 
have anti-inflammatory and antipyretic effects 
and few side effects [10]. Meloxicam is the most 
common one used in rabbits [72].

NSAIDs and Their Effect on Bone Healing
NSAIDs can inhibit bone healing because inflam-
mation is important to healing [81]. They are 
thought to inhibit by reducing the level of prosta-
glandins [82] that play an important role in the 
regulation of bone formation [83]. The effects on 
bone healing are various [84]. The various effects 
on bone healing, when different studies are com-
pared, are probably due to differences in dosage 
and the length of treatment [85]; also, the type of 
surgery and bone defects have been different, and 
results are difficult to compare.

3.2.2.2  Description of the Procedures; 
Surgical Step by Step

Anesthesia and animal preparations should be done 
with an emphasis on animal welfare and suitable 
anesthesia and analgesia, as previously discussed 
in this chapter. For all surgical sites, the preparation 
is the same; the fur is shaved, the skin cleaned, dis-
infected, and covered in a sterile manner. Local 
anesthesia is then injected subcutaneously. During 
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drilling, irrigation with sterile saline should be used 
to prevent damage to the bone from heat. The pro-
cedures that are being described can be modified to 
their own need. After implantation, the periosteum 
and muscles are sutured, followed by subcutaneous 
and cutaneous sutures. A size 15, scalpel blade in 
the following sites can be used for incision. Sutures 
of size 4/0-3/0 are suitable. Absorbable sutures in 
tissues other than the cutis should be used. In the 
cutis, nonabsorbable sutures can be used. Generally, 
the number of implants recommended in the rabbit 
model is a maximum of 6, with three tests and three 
controls, in each rabbit [86].

3.2.2.3  Extraoral
The size of the implants that can be placed into 
tibia and femur are 8–10 mm in mean length and 
with a mean diameter of 4 mm [16].

Tibia
In the tibia, screws can be placed [87], as well as 
coin-shaped implants [88]. Also, defects for bone 
augmenting biomaterials can be made and evalu-
ated using a critical size defect of 6 mm in long-
bones [89]. In this area also, bicortical implants 
can be placed [90].

Below follows a description of the procedure 
in the proximal tibial metaphysis/diaphysis 
area as previously described [91]:

• During the procedure, the rabbit should lie on 
its back. Keep the knees slightly bent.

• Make an incision on the medial side, along the 
leg, about 5  cm long, starting about 0.5  cm 
from the joint.

• With blunt dissection of the muscles and gen-
tle lifting of the periosteum, the bone is 
exposed. Once the bone is uncovered, implan-
tation/making of the defect is possible, see 
Fig. 3.3.

• To access the lateral side, the rabbit can lie on 
its side. The lateral side of the proximal tibia 
can be accessed like described above for the 
medial side.

In the proximal tibia, implantation can also be 
done with coin-shaped implants; Ronold and 
Ellingsen [88] presented the use of a coin-shaped 
titanium implant that was put in a leveled platform.

In the previously mentioned study, the proce-
dure was performed, described in detail in the 
following text, after the exposure of the proximal 
tibial area:

• Four guide holes are made, using a 1.0  mm 
twiat drill, with a guide for correct position-
ing. It is important to adjust the holes so that 
the placement of the implants does not involve 
any soft tissue. They should also be adjusted 
so that they fit on the flat area of the proximal 
tibia, usually along the tibial tubercle, as 
shown in Fig. 3.4.

• Make a leveled platform, see Fig. 3.4, with a 
7.05  mm bur, slow speed, and saline 
irrigation.

• Place the implants, with a plastic cap on, 
6.25 mm diameter and 1.95 mm height.

• Place a retainer (0.2 mm titanium maxillofa-
cial retainer) to hold the implants in place, 
with one proximal and one distal 1.23  mm 
titanium screw, see Fig. 3.5.

Fig. 3.3 Exposure of the metaphysis/diaphysis area

Fig. 3.4 Two circular defects on the flat area of the proxi-
mal tibia. Tibial tubercle is marked for orientation
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Instead of titanium implants, other coin- 
shaped materials can also be placed in the same 
manner.

Femur
Locations in the femur for implantation include 
the knee joint [87], distal femoral lateral condyle 
[92], distal femoral medial condyle [93], and 
diaphysis [94]:

Knee Joint
• Skin is incised on the lateral side over the 

knee, followed by an incision in the fascia and 
capsule, to access the cartilage, see Fig. 3.6. 
Make sure not to damage the tendon of the 
extensor digitorum longus.

• The patella can be medially dislocated, and 
the cartilage implanted, see Fig. 3.7.

• Capsule, fascia, and skin are then sutured in 
separate layers.

Distal Femoral Lateral Condyle
• About 1 cm skin incision made on the lateral 

side of the knee, toward the femoral 
condyle.

• Dissect muscles to make the periosteum avail-
able. Dissection of muscles should, if possi-
ble, be done between the muscles, M. Vastus 
lateralis and M.  Biceps femoris, instead of 
through them, as shown in Fig. 3.8.

• Periosteum elevated for bone exposure.

Fig. 3.5 Implants have been placed, and the white plastic 
caps can be seen with a titanium retainer on top for 
fixation

Fig. 3.6 Lateral view of the knee with the incision in the 
fascia. Note that skin has been removed for visibility of 
underlying structures

Fig. 3.7 Medial 
dislocation of the patella 
with exposure of the 
trochlear cartilage where 
defects can be made. Tip 
of forceps pointing at 
the groove were the 
patella glides between 
the medial and lateral 
ridges. Tendon of 
extensor digitorum 
longus marked with the 
black arrow. M. Biceps 
femoris marked with 
white text for orientation
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Fig. 3.8 Figure 
showing the separation 
of muscles M. Vastus 
lateralis and M. Biceps 
for access to the lateral 
femoral condyle. Bone 
exposure of the condyle 
is seen between the two 
needles. M. Tensor 
fascia marked for 
orientation

Fig. 3.9 Medial view of 
the knee with medial 
condyle visible and the 
area for implantation 
and making of the 
defect. For access to this 
area, M. Vastus medialis 
(white arrow) has been 
dissected

• Implantation made on the central area of the 
condyle.

• Care must be taken not to incise the joint 
capsule.

Distal Femoral Medial Condyle
• Skin insicion, about 3 cm, on the medial side 

of the knee, followed by blunt dissection of 
muscles and reflection of periosteum.

• The medial aspect of the condyle should be 
exposed as a flat area where drilling or making 
of a defect can be done, see Fig. 3.9.

• Care must be taken not to incise the joint 
capsule.

Diaphysis
• Anteromedial incision and dissection to 

expose the bone of the shaft. Try to dissect 
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between the muscles instead of through them 
for minimum trauma.

• Implantation can be made along the middle of 
the shaft.

Skull
The calvarium (parietal bone, frontal bone, and 
occipital bone) is easily accessed through only a 
thin layer of tissue. For surgery of the skull, the 
rabbit should be in a ventral position.

• Skin incision in the midline.
• Reflection of tissue to expose the calvarial 

bones, see Fig. 3.10.

After exposure of the skull, defects can be cre-
ated, and implantation performed in different 
sizes, and numbers, depending on the hypothesis 
being investigated. Commonly defects are done 
by drilling 1–4 cylindrical holes [6], as a critical 
size defect of 15 mm [95]. A trephine bur can be 
used for making the defect. While transosseous 
defects are made, care must be taken not to dam-
age the dura mater nor to include sagittal and 
coronal sutures [96]. Therefore the depth of the 
defect should be controlled continuously during 
drilling, for example with a neural elevator, and 
stopped just before completely penetrating the 
inner cortex [97].

Hopper et al. used full-thickness cranial defect 
for orthotopic grafting, in cylindrical holes 
15  mm in diameter, between the coronal and 
lambdoid suture [98]. In the previously men-
tioned study a silicone sheet was placed to isolate 
the dura, hence making the graft dependent on 
the calvarial bone edges for vascularization and 
bone remodeling cells [98]. A barrier device in 
the form of a titanium cylinder can also be used 
as a barrier to evaluating wall influence on aug-
mented bone [99].

Calvarial bone can also be used for implant 
assessment through loading of the implants and 
transcutaneous measurements, and this was 
investigated with the implantation of two  titanium 
implants in the midsagittal suture, 11 mm apart, 
and connection with a wire between the abut-
ments on the two implants [67].

Assessment of implant stability through trans-
cutaneous investigations has also been described 
in the nasal bone [100]. Access to the nasal bone 
has proceeded similarly to the calvarial bone but 
incision along the back of the nose. These 
implants were also evaluated by applying a load-
ing force.

3.2.2.4  Intraoral
Intraoral investigation and application of loading 
forces are not as common as investigation in the 

Fig. 3.10 Anatomical 
landmarks of the rabbit 
calvarial bones for 
orientation
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extraoral sites due to technical issues and animal 
compliance [16].

Maxillary Sinus
The rabbit sinus model is used to evaluate various 
grafting materials and implants [101].

The maxillary sinus can be reached through 
different sites; transcutaneously through the nasal 
dorsum [66], through lateral antral wall of max-
illa [102], and more seldomly through the oral 
cavity [103].

Asai et al. [66] established a model for maxil-
lary sinus augmentation, a procedure described 
in detail as follows;

• Incision in the midline about 5 cm long, on the 
nasal dorsum.

• Elevate skin and periosteum for exposure of 
the bone.

• For identification of the nasoincisal suture 
line, see Fig. 3.10.

• A circular window is made, about 5  mm in 
diameter, 20  mm anterior to the nasofrontal 
suture line and 10 mm lateral to the midline, 
without damaging the sinus mucosa.

• The mucosa is stripped off to make a hollow 
space.

Sinus lift, lateral antral wall, described by 
Watanabe et al. [102]:

• Insicion a few millimeters above the inferior 
border of incisive bones and the maxilla.

• Subcutaneous tissue and muscles were dis-
sected to expose periost.

• Periost elevated dorsally.
• Trap door in the lateral antral wall of maxilla, 

see Fig.  3.11, is made with a diamond bur, 
without perforating the antral membrane.

• After fracturing the trap door into the sinus 
cavity, the antral membrane was elevated from 
the sinus floor.

• Autologous bone is placed in the cavity.

Rabbit sinus model was previously a two- stage 
sinus floor elevation. Young-Sung et  al. intro-
duced a one-stage sinus floor lift with a simulta-
neous implant in the rabbit model, where they 
placed mini-implants on the edentulous alveolar 
ridge [101]. A one-stage sinus lift is clinically pre-
ferred since it reduces the treatment time [101].

Sinus lift, oral cavity, described by Rahmani 
et al. [103]:

• One centimeter incision in the mucosa, over-
lying the alveolar ridge below the sinus, start-
ing with a distance of 4 mm from the mesial of 
the maxillary first molar tooth.

• Make a full-thickness mucoperiosteal flap.
• Osteotomy for the placement of both grafting 

material and an implant, 3  mm long. The 

Fig. 3.11 Blue circle 
showing the anatomical 
location of the trap door 
just in front of the 
infraorbital nerve and 
artery (white arrow)
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implant extends 1  mm into the sinus cavity, 
since the bone below the sinus is approxi-
mately 2 mm thick.

Maxilla
The edentulous space that rabbits have between 
the incisors and molars in the maxilla, diastema, 
has been used as a model to test the healing of the 
jaw bone defects [63, 103] and can be described 
in detail as follows:

• About 1.5 cm incision, either on the alveolar 
crest or lateral to the crest between the incisor 
and the first premolar; see Fig. 3.12 for maxil-
lar edentulous bone.

• A mucoperiosteal flap is raised to expose the 
buccal bone of the maxilla.

• Implantation/alveolar ridge augmentation.
• Suturing of the flap.

Mandible
Extraoral access to the mandibular bone can be 
made through the skin in the submandibular 
region, see Fig.  3.13. CSD in the mandible is 
5 mm [104].

Inferior Border Defect [104]
• Incision in the submandibular midline.
• Dissection through subcutaneous tissue and 

muscles to expose the inferior border of the 
mandible, both medial and lateral walls. Avoid 
damaging the fascial artery on the medial side 
along the mandibular angle.

• A periosteal flap is raised, exposing the area 
where defects can be made without one or 
both cortical walls.

Posterior Mandible Placement [105, 106]
• Insicion above the mandibular angle.
• Dissection of subcutaneous tissue and mus-

cles to expose the lateral area of the posterior 
mandible.

• In the posterior mandible, implantation can 
take place. It has been described that a scaf-
fold retention screw can be placed as an 
umbrella when implants and biomaterial scaf-
fold are placed simultaneously, to protect the 
scaffold from external influences.

Placement in Mandible Body
This can be made as a partial-thickness or full- 
thickness defect with or without intraoral com-
munication, with similarities to clinical 
conditions, such as trauma, infection, and devel-
opmental bony defects where periosteum is 
retained [107].

In detail, as described by Shah et al. [108]

• Incision in the submandibular region.
• Dissection through subcutaneous tissue and 

muscles, until the lateral wall of the mandible 
is exposed.

• The defect can be made in the molar/premolar 
area of the mandible.

• A trephine bur can be made to drill through 
the lateral cortex. The cortex plate can then be 
lifted with a periosteal elevator, thereby expos-

Fig. 3.12 Figure showing maxillary edentulous bone 
exposed. Note that the cheek has been incised only to 
make the diastema visible

Fig. 3.13 Exposure of mandibular bone where implanta-
tion can take place
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ing the teeth roots. Three roots should be 
visible.

• Drill through the roots and remove them. 
Implantation could be made here if a partial- 
thickness defect is the aim.

• For full-thickness defect: use a trephine bur to 
drill through the lateral cortex and lift the cor-
tex plate and carefully dissect the periosteum.

• Implantation can be made here.
• For intraoral communication: this is done by 

removing the tooth/crown of which the whole 
root was removed, usually the central one. 
Drilling should be made using the margins of 
the tooth as a guide. Remove the tooth/crown 
when it is loose.

Implantation can now be done. A fixation 
plate can be used across the implant for fixation 
or along the inferior border of the mandible for 
the prevention of fractures. Muscle fascia and 
skin are sutured.

In the study of Young et al., they describe that 
the partial-thickness defect will contain endos-
teum and periodontal ligament cells since the 
roots are still present, leaving a potential osteo-
genic stem cell population available for the heal-
ing process, unlike the full-thickness defect 
[107].

Yazan et al. placed two customized implants 
in the molar area with enough distance from 
molar teeth apices for intramembranous ossifica-
tion [109].

Alveolar Ridge Augmentation [110]
• Extraction of one of the lateral incisors and 

socket left to heal for 2 weeks.
• Incision in the gingiva down to the periosteum 

in front of the first molar, which is the area 
where a full-thickness defect can be made and 
filled with bone augmenting material in accor-
dance with the individual research protocol.

• Gingiva is then sutured.

Tooth Extraction Socket Model
This model has been used by Lalani et al. where 
the incisors in both the mandible and maxilla 
were extracted, and the healing of the sockets 
was investigated with several timepoints [111].

Osteoporosis Model
Ovariectomy-induced osteoporosis was described 
in a procedure where both tibia and femur were 
implanted in the same surgical procedure [112]. 
Osteoporosis was induced in female rabbits by 
surgical bilateral removal of the ovaries from the 
dorsal side of the rabbit and fed on a low-calcium 
diet (0.15% calcium and 0.59% of phosphorus) 
[112]. The control group in the study was sham- 
operated, where the ovaries were lifted and 
exposed but put back in place afterward [112].

3.2.3  Follow-Up and Termination

After surgery, the animals should be evaluated 
for pain and infection. In orthopedic surgery, it 
can be recommended that a first treatment is 
given before surgery begins and a second if the 
surgery is prolonged. Pain should be monitored 
and treated, as discussed previously in this chap-
ter. Also, treatment with antibiotics should be in 
line with the information previously presented in 
this chapter.

Pain relief can be important for other aspects 
than animal welfare. For implantation in limbs, 
pain can affect the outcome of a study, and repro-
ducibility is affected if the animal is not using its 
legs for movement because of pain.

When the desired time point of an experiment 
has been reached, the experiment is terminated. 
Humane methods of euthanasia should follow for 
animal welfare. The animals can be sedated prior 
to intravenous injection, usually with an overdose 
of a barbiturate, although other methods of eutha-
nasia can also be used.

The time points for the termination of the 
experiment should be selected based on the work 
of Roberts et al. [46]. Who showed that the rabbit 
is approximately three times faster in bone for-
mation and remodeling than humans. Also, the 
best tissue quality should be achieved quickly 
[113].

Different time points have been described in 
the literature and are dependent on the hypothesis 
that is being investigated. Research on dental 
implants is trying to achieve a shorter healing 
time, contributing to timepoints earlier than nor-
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mal. Also, the repair rate depends on the defect 
size [114]; consequently, the time for termination 
varies between studies.

3.2.4  Advantages 
and Inconveniences

3.2.4.1  General
Advantages

• Compared to larger laboratory animals han-
dling and housing is easier, due to the interme-
diate size.

• Early skeletal maturity.
• High bone turnover.
• Easy to breed and get hold of.
• Have short gestation, lactation, and puberty 

cycles.
• Genetic standardization is possible.
• The environment can be standardized.

Limitations and Inconveniences
• The bone structure is the least similar to 

humans compared to dogs, sheep, goats, and 
pig.

• Faster bone turnover and differences in remod-
eling make preclinical results difficult to 
extrapolate to the clinical response in humans.

• Neither intra- nor extra orally implants can be 
loaded, by chewing, as in humans.

• The size brings limitations regarding the size 
and number of implants that can be placed 
compared to larger animals. The recommen-
dation for an individual rabbit is to have six 
implants in total (three tests and three con-
trols) [62], which is less than in bigger animal 
models like sheep, pigs, goats, and pigs [115]. 
For cylindrical implants, the recommendation 
in size is 2 mm in diameter and 6 mm in length 
[86].

• Human implants for clinical use cannot be 
placed intraorally because the mouth of the 
rabbit is too small; they can only be placed 
into jaws (maxillla and mandible) and knees 
(distal femur and proximal tibia).

3.2.4.2  Femur and Tibia
Femur and tibia are extraoral bone sites, and the 
advantages as surgical sites are that they contain 
a satisfactory available amount of bone volume 
and are more accessible for surgery than in the 
rabbit jaws [16]. Implants of the same size placed 
in the human mandible and maxilla can also be 
placed in the rabbit femur and tibia. Two layers of 
cortex can be implanted. Both sites can easily be 
accessed for loading.

Anatomical disadvantages in the tibial model 
have been highlighted by the authors Stübinger 
and Dard [16]. The shape of the tibia makes it 
difficult to drill and fixate the implant without 
partly ending up in the cis-cortex. To avoid this, 
using only distal femur and proximal tibia is 
recommended.

Research on grafting material in cortical bone 
like femur and tibia should be extrapolated to the 
clinical intraoral situations with care because of 
the differences in anatomy and physiology [16].

There are risks for fractures in tibia and femur 
after surgery [116]. They are also easily accessi-
ble for the rabbits to gnaw on the sutures, leading 
to the opening of the operation sites and increas-
ing the risk for postoperative infection.

3.2.4.3  Maxilla and Mandible
The maxilla of the rabbit is a good model for 
intramembranous bone healing that resembles 
clinical jaw defects [16]. The edentulous area in 
the maxilla has the advantage that mastication 
can cause some mechanical stress on the bone 
[117]. One should consider that the masticatory 
forces can also cause damage to tissue structures 
[16].

It is also suitable for investigating guided bone 
regeneration in alveolar ridge augmentation 
because of the high amount of trabecular bone 
[118]. Implantation of both cortical layers is also 
possible in both mandible and maxilla.

Although there are a lot of advantages to sur-
gery in the mandible and maxilla, there are many 
advantages and limitations, making it difficult to 
do surgery on these bones. The complexity of the 
human intraoral environment, an important factor 
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for implant reliability [18], is impossible to simu-
late in rabbits. The limited access to the oral cav-
ity of rabbits makes implantation difficult and 
human dental implants impossible. Also, only 
small defects can be made [16].

3.2.4.4  Skull
It is formed by intramembranous ossification 
[57] and has similar embryologic development to 
humans [58]. Also, the embryology of the maxil-
lofacial bones is the same as the morphology in 
the calvaria [59], making them easier to 
compare.

The calvaria is easily accessed, and the surgi-
cal procedure is simple. However, only mini- 
implants can be placed [6].

There is a risk of damaging the dura if surgery 
is not carefully performed.

3.2.5  Recommendations

For the handling of animals and anesthesia, train-
ing is crucial. In some animal facilities, the 
researcher can choose to perform every step of 
the study by him/herself, or to use animal techni-
cians and veterinarians in place. The latter usu-
ally have more experience, which will reduce 
stress in the animals and contribute to a more 
standardized procedure.

The surgical procedures are not all clearly 
described in the literature. For example, the exact 
placement and anatomy of the different available 
sites are not always described. Surgery in animals 
is different compared to surgery in humans. For 
these reasons, it is important for the surgeon to 
practice on cadavers before doing surgery on live 
animals for the recognition of anatomical struc-
tures and for refinement of the procedures. It is 
recommended to contact the person who devel-
oped the technique for direct instruction and 
training.

For surgery in the hindlimbs, it is recom-
mended to use skeletally mature animals due to 
the increased risk of fracture in younger animals 
[113].

When implantation is done with cylindrical 
implants in the tibiae, it is important to try to 

adjust the placement so that the leveled platform 
is without soft tissue around the edges. Also, the 
flat area of the diaphysis/metaphysis area can be 
different between animals and not always being 
completely flat. Making of the platform should 
be done where this area is the flattest.

When choosing the mandible as the surgery 
site, it is important to keep in mind that there 
might be damage to the surgical site because of 
mastication causing soft tissue to be torn and 
implants to be dislocated [60].

Since rabbits have small jawbones with low 
bone volume, they are unsuitable for placing den-
tal implants or creating wider bone defects in the 
alveolar ridge [16, 119]. In the mandible, the 
anterior part is best suited for implantation due to 
the higher bone volume and presence of trabecu-
lar bone compared to the rest of the mandible 
[63].

3.3  Investigative Methods 
of Evaluation

The methods used for investigating a study result 
are often the same that is being used both in clini-
cal and preclinical cases. With nondestructive 
methods, evaluation of different healing periods 
in the same individual is possible.

3.3.1  Imaging

Imaging techniques such as X-ray and CT are 
widely used in human dentistry for the assess-
ment of bone and implants [20]. They are both 
noninvasive and can be used in vivo throughout 
the healing phase.

X-ray and CT are also common in veterinary 
medicine and can be used in laboratory animals 
like rabbits for the evaluation of bone mineral 
content (BMC) and bone mineral density (BMD) 
[120].

In three dimensions with micro-computed 
tomography (micro-CT), bone structure can be 
assessed and quantified with high accuracy, with 
a voxel size <10 μm [121]. It only gives a small 
field of view and high radiation dose, which 
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makes it suitable for preclinical animal studies 
[121]. Bone-implant contact (BIC) and bone- 
implant volume (BIV) can be assessed [122].

3.3.2  Optic and Electronic 
Histology-Histomorphometry 
(Including 
Immunohistolabelings)

Qualitative assessment can be done by histology 
by identifying the structural pattern and quantita-
tively by counting and measuring structural char-
acteristics, such as primary osteons, Haversian 
canals, and secondary osteons [47].

Electron microscopy can also be used for 
bone-implant assessment [123].

Different labeling techniques can be used for 
the investigation of bone. Bigham-Sadegh and 
Oryan [97] listed several staining methods for the 
evaluation of bone healing in their review.

Tetracycline can be used as a safe marker for 
bone turnover for histomorphometrical investiga-
tion, as the tetracycline will deposit at the calcifi-
cation front where active mineralization takes 
place, and the bone growth rate can be obtained 
in micrometers per day looked at in fluorescence 
microscopy [45]. It should be injected into the 
animal at different intervals to distinguish differ-
ent time points [45]. Labeled bone cannot be 
decalcified before investigation, and then the tet-
racycline will be lost [45].

In an article by van Gaalen and colleagues 
[124], they concluded that the administration of 
fluorochromes is a standard method but lacks a 
standardized protocol. They presented different 
fluorochromes and gave examples of protocols 
suitable for use in laboratory animals, including 
rabbits.

3.3.3  Biomechanics

Biomechanical tests are used to evaluate the 
strength of the bone and implant interaction 
where high forces correspond to good integration 
and ingrowth of porous materials [19]. Common 
tests are pull-out and push-out tests, used on 

screw and cylindrical implants. Removal torque 
tests (RTQ) are used on screw-type implants [19] 
and reverse torque tests (RTT) [125], and tensile 
tests [126].

Mechanical tests should be carried out at 
37 °C [41]. The type of test and the direction and 
type of force applied to the implant will affect the 
result’s stability [127].

Torque tests are destructive tests, where the 
torque necessary to loosen the implant is regis-
tered and gives a value in the newton-centimeter 
that reflects the interfacial shear strength [128] 
and reflects BIC [127]. Inherent bone can rupture 
if the implant is strongly integrated [129]. They 
do not give information about bone-bonding 
properties and attachment because friction and 
the growth of bone correlate with torque results 
[88].

The moment of force can come from hand- 
controlled devices and electronic equipment, 
where electronic equipment is superior because it 
ensures a fixed rotation rate, has high reproduc-
ibility, and gives a lower operator sensitivity 
[129]. There are different equipment that can be 
used that is based on the same principle, where a 
torsion rig is connected to the implant, the torque 
given by a motor, and the maximum value for 
loosening the implant is recorded [128].

RTT measures the torque where bone–implant 
contact is destroyed and gives indirect informa-
tion about the BIC in an implant [125].

Pull-out and push-out tests are also destructive 
tests and used preclinically [130], for evaluation 
of the implant stiffness, by applying a force along 
the longitudinal axis of the implant and visualiz-
ing it with a force-displacement curve [131]. The 
implants tested this way are usually placed 
 transcortical or intramedullary [132]. The maxi-
mum force is divided with the bone-implant con-
tact for the calculation of shear strength [130]. Ii 
is very important that the force is aligned with the 
implant not to obscure the result [133].

Tensile test is used to detach the implant from 
the surrounding bone [126].

Other nondestructive, biomechanical tests like 
resonance frequency analysis (RFA), Periotest®, 
and cutting resistance/ insertional torque, are 
tests that are more common clinically [132].
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3.3.4  Biologic Fluids Analysis 
(Blood, Saliva, etc.)

The rabbit model can be subject to investigation 
of local and /or systemic accumulation of metal- 
derived products. In a study by Bianco et  al. 
[134], levels of titanium were measured in blood 
serum and urine. In their chapter, other locations 
for metal derivatives are discussed, such as lym-
phatic tissue, feces, and tissue distal to the 
implant. For this reason, such material can also 
be investigated. Also, inflammatory marker mea-
surements have been done after implantation, by 
looking at hematology and blood biochemistry 
[135].

3.3.5  Genomics

Genome transcriptional analysis can be used to 
look at genes expressed in certain tissues. For 
example, gene expression involved in bone heal-
ing can be investigated with polymerase chain 
reaction (PCR) and used as biomarkers [136]. 
Upregulation of bone extracellular matrix 
(ECM)-genes, such as osteopontin, osteocalcin, 
and integrins, can be found during the healing of 
an implant site [137]. Genes expressed in the tis-
sue around implants can play an important role in 
osseointegration [138], and their expression can 
be analyzed with DNA microarrays and qRT- 
PCR in rabbits [139]. Kim et  al. [139] used 
microarrays to analyze the gene expression to 
evaluate the tissue response at different time-
points after implantation.

3.4  Discussion and Expert 
Opinion: Balancing Models 
(Experimental and Surgical) 
Validation and Validity

3.4.1  General Considerations

Similarities between the rabbit and humans are 
unfortunately limited. The surgical site chosen 
for implantation in the rabbit does not always 
resemble the human anatomy. It is important to 

know that implantation sites may differ in bone 
macro- and microarchitecture. Therefore leading 
to differences in healing and biomechanic fac-
tors. These differences are reasons for the rabbit 
being mainly a screening model.

3.4.1.1  Choosing Animals
When choosing the rabbit breed, it is preferable if 
it is a large strain; this will make the implantation 
sites larger and easier to access. Preferably indi-
viduals should be purchased from a commercial 
breeder giving more standardized animals. 
Whether to choose young or adult-skeletally 
mature animals should be determined and 
depends on the hypothesis that is being investi-
gated. In immature animals, bone growth can 
interfere when looking at bone healing [113] and 
should be avoided when bone defect repair is 
being studied. Compositional and mechanical 
properties change during the rabbits first 
3–6  months of age [41]. Older rabbits can be 
studied, with the physiology of aging as an object 
[16].

If the study should include both males and 
females are difficult to conclude. Throughout lit-
erature, both a mix of genders and either females 
or males have been used, without reference to 
why. If it is not expected that the result should be 
affected by gender, females can be chosen from a 
welfare point of view for the ability of social 
housing.

3.4.1.2  Implantation
Throughout the literature, the surgical methods 
for implantation in the rabbit, are described in 
variable detail levels, with or without pictures, 
and very often without any reference. This gives 
the impression that there is no standardized 
method. For example, implantation in the tibia 
could be done all along the tibia; however, the 
anatomy differs between the epiphysis, metaphy-
sis, and diaphysis, which is why it should be 
stated exactly where on the tibia the implant was 
inserted.

The implantation sites and surgical methods 
are both important considerations for the ability 
to reproduce an experiment. The standardization 
and validation of animal models make it possible 
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to compare results between studies and can help 
to reduce the number of animals that is needed 
for an experiment.

Choosing between the implantation sites, the 
anatomical and surgical advantages and inconve-
niences should be considered. It is preferable to 
implant in a site that resembles the human site, 
with an implant that can be used in a clinical set-
ting. There must be enough place for the desired 
defect size to implant biomaterial. The most 
common implantation sites are the rabbit’s hind-
leg and skull. These are bones that heal in both 
endochondral ways when it comes to longbones 
and intramembranous ways when talking about 
the skull. Mini-implants, all kinds of biomaterials 
as well as customized implants, can be implanted 
in these bones [16].

The loading force applied in human implants 
is impossible to mimic anywhere in the rabbit, 
which is a major drawback.

Bone grafting is preferably used with autolo-
gous bone but is not always taken from a similar 
anatomical site. Endochondral bone from a rabbit 
radius that was transplanted into an intraoral, 
membranous bone site resulted in bone volume 
as a result [140], which is why the anatomical 
structure must be kept in mind. The healing prop-
erties of different bone grafts vary significantly. 
For example, the oral cavity should be grafted 
with bone of intramembranous origin [141].

Also, investigative methods are not always the 
same. For comparison between studies, it would 
be easier if the same methods were used.

3.4.2  Surgical Model

3.4.2.1  Femur and Tibia
The rabbit knee, including the distal femur and 
proximal tibia, is common [16] and a good site 
for placing both implants and grafting material in 
cortical bone [87] for following evaluation with 
biomechanical measurements combined with 
histological observations and measurements [6].

The placement in the proximal tibia is a good 
site because the area is relatively flat and large, 
where number, size, and possible randomization 

of implants meet the requirements for a standard-
ized screening model [16, 88]. Implantation can 
also be bicortical in this site for the investigation 
of two layers of the cortex. It can be used as a 
model resembling the more cortical structure of 
the mandible [142].

Loading forces in the longbones come from 
the movement of muscles and the weight-bearing 
force and are different from loading in the mouth 
that comes from mastication. This affects heal-
ing, and it has been shown that the tibia resem-
bles the healing and remodeling time of the 
mandible, both being faster than in the maxilla 
[143, 144].

Biomechanical testing can be affected by the 
microstructure of the tibia. Interlocking and fric-
tion can mask the implant-bone interaction from 
chemical bonding [16]. To evaluate biomaterial 
in the proximal tibia, cylindrical implants can be 
placed in a leveled platform, giving maximum 
contact between bone and implant surfaces. This 
way of implantation will make it possible to eval-
uate tissue-implant surface interaction without 
the mechanical forces affecting the bone-bonding 
result [88].

The femoral epiphysis in the knee joint can be 
used for the resemblance of the trabecular archi-
tecture in the maxilla [142]. Implantation in both 
the lateral and medial condyle is possible.

The risk of fractures in femur and tibia 
increases with surgical intervention and should 
be considered when choosing these surgical sites 
[36].

The hindlegs are easily accessible for the rab-
bit to gnaw on the sutures. Consequently, leading 
to the risk of opening surgical wounds and a 
greater risk of infection. To prevent this, a good 
suturing technique is crucial. Some surgeons pre-
fer simple interrupted sutures for the increased 
likelihood of sutures remaining in place than con-
tinuous sutures. Some prefer continuous intracu-
taneous sutures for the reason that they do not 
extend above the skin. The choice of suture mate-
rial can be discussed for many reasons. 
Absorbable versus nonabsorbable, mono- 
filament versus multi-filament, and whether the 
material will interact with the research.
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3.4.2.2  Skull
The calvaria has been used commonly to test 
allografts, xenografts, and autogenous or syn-
thetic bone grafts [6]. The thickness of the cal-
varia usually inhibits the placement of dental 
implants [16].

Compared to other extraoral sites, the calvar-
ial bone site is not easily manipulated by the rab-
bit [16]. It is without muscle attachments, leg 
movement and not easily accessible for gnawing 
of the rabbit. Comparing the anatomy with 
smaller laboratory animals, the skull is larger, 
giving the possibility of greater surgical control 
and precision [16]. In addition, it is easily acces-
sible for surgery. Also, the embryology of the 
maxillofacial bones is the same and has the same 
morphology as the calvaria, making implantation 
in the calvaria comparable to implantation in the 
maxilla [59]. The healing time and remodeling of 
the calvaria are also similar to that of the maxilla, 
which is slower than in the mandible [143, 144]. 
These facts conclude that the calvaria is a better 
model for implantation in the maxilla than in the 
mandible.

3.4.2.3  Maxilla and Mandible
Implantation in the maxilla and mandible are the 
same bone sites for implantation as in humans. 
However, the model does not allow the same kind 
of implantation procedures as in humans. As 
described in “surgical step by step” sinus lift and 
alveolar ridge augmentation can be performed 
similarly to humans. Sinus lift in the rabbit is one 
of the most common sites, and as reviewed by 
Stübinger and Dard [16], different biomaterials, 
scaffolds, and cell-based procedures can be 
investigated in this site, even if their anatomy, 
function, and physiology are different compared 
to humans. What makes these procedures diffi-
cult is the limited access to the rabbit mouth 
because of its small oral opening. It enables the 
implantation of human implants and only allows 
a limited sample number [16]. Loading forces 
from mastication is not possible. Mastication, 
however, can lead to soft tissue damage.

Implanting grafting material in the sinuses for 
sinus elevation needs to have enough mechanical 

strength to keep the height elevated from the 
bone surface [145].

3.4.3  Ethical Considerations

Validation of a model with limited similarities is 
more difficult than other more similar models. In 
such a model, like a rabbit, it is more important to 
balance the possible outcome of a study with the 
welfare of the animals. Their welfare should be a 
primary consideration for the use of laboratory 
animals. The benefit of any model should exceed 
the risk and suffering that the animal is exposed 
to. A minimum number of animals and refined 
procedures should always be used.

Since the ethical point of view in animal 
research is not the same in every country, differ-
ent procedures can be allowed in one place but 
not another.

When more than one implant is put in one 
limb or when large defects are made, the rabbit 
must be from a large strain to reduce the risk of 
fracture [36].

Sennerby et al.. [87, 146] described implanta-
tion in the joint cartilage of the distal femur. This 
requires opening the joint capsule, which will 
increase the risk of systemic infection and 
decreased welfare. Joint surgery should be per-
formed with strict asepsis to minimize the risk of 
infection. Antibiotics can also be administered 
prophylactic to minimize the risk. However, the 
use of antibiotics, especially prophylactic, should 
be avoided.

Extraction of rabbit teeth can be used for mak-
ing defects. It has been described by Lalani et al. 
were incisors in both the mandible and maxilla 
got extracted [111]. Rabbits can manage without 
their incisors [147]. Extraction of both the lower 
incisors for grafting material and implantation 
after a period of healing was done by Munhoz 
et al. [119]. However, This procedure should be 
done with care, since the lower incisors play an 
important role in chewing and tearing the upper 
incisors. In this case, if the upper incisors are not 
extracted as well, they need to get cut regularly to 
prevent them from getting overgrown.

3 Preclinical Studies Design and Place of Rabbits
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There is also a description in the literature of 
implantation in the socket after extraction of the 
first premolar in the mandible, where a 5 cm long 
incision through the cheek was made to access 
the premolar area [148]. That large incision in a 
rabbit’s cheek is an invasive procedure that will 
compromise animal welfare.

These procedures were not described in the 
section “surgery step by step” because of the 
great risk of compromised animal welfare, and 
therefore not considered valid surgery models.
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4Preclinical Studies Design 
and Place of Swine

Nikos Mardas, Elena Calciolari, 
and Xanthippi Dereka

4.1  Experimental Animal Model

4.1.1  Animal Species

Among other large experimental animal models, 
like the dog, the sheep or the monkey, swine has 
a long history in translational biomedical research 
as well as for procedural training in different sur-
gical disciplines [1–3]. In recent years, swine has 
attracted attention in musco-skeletal surgery and 
in oral, maxillofacial bone surgery related 
research [4, 5]. This chapter will specifically dis-
cuss the place of swine as an experimental model 
for dental implant rehabilitation.

Farm or miniature breeds of Sus scrofa domes-
tica are the main experimental pig models used in 
biomedical research. Commercial breeds of the 

domestic pig differ from the miniature breeds in 
size and sexual maturity. Mini-pigs reach skeletal 
and dental maturity at 2 years of age compared to 
3 years of age in farm pigs [6, 7]. Mini-pigs, at 
maturity, weigh approximately 30–60 kg, while 
domestic farm breeds can weigh between 100 
and 200 kg [8, 9]. However, it takes ∼2.4 times as 
long to grow to 40% of their mature weight as it 
does for intensely fed domestic breeds [7]. In 
dental implant research, where jaw bone and 
skeletal maturity is a requirement, miniature 
swine are more suitable since the increased 
weight of the domestic breeds at maturity could 
be an issue in terms of handling, housing, anes-
thesia, food, and medication costs. Despite their 
smaller size, mini-pigs are large enough to 
receive dental implants or other devices that can 
be harvested with surrounding tissues at termina-
tion. Mini-pigs are also less aggressive, and their 
genetic code is better described than the larger 
nonbarrier farm breeds, which also present a 
higher risk for infections and disease transmis-
sion [6, 9, 10].

The most commonly used strains in preclini-
cal dental implant research are the Yucatan (mini- 
pig and micro-pig), Göttingen, Hanford, and the 
Sinclair Hormel (also known as Minnesota). 
Other strains like the Bama, Yorkshire, Pitman- 
Moore, Kangaroo Island, Ohmini, Lee Sung, and 
Morini have also been considered [3–5].
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4.1.2  General Use in Medical 
Research

Domestic and especially miniature swine have 
become established animal models for physiol-
ogy, pharmacology, toxicology, radiology, sur-
gery, organ transplantation, traumatology, 
pathology, embryology, gastroenterology, 
nephrology, immunology, and pediatric research 
[1, 2, 6, 11–13]. Because of their anatomical 
(e.g., body weight, skin, bone, cardiovascular 
system, and urinary system) and functional (gas-
trointestinal system and immune system) simi-
larities to humans, the translation of research 
findings in pigs is more representable of human 
conditions in comparison to other experimental 
models like the mouse, rat or rabbit [11, 13–15]. 
These anatomical and physiologic similarities 
have facilitated, for example, investigations on 
the metabolism and pharmacokinetic profiles of 
drugs [6, 14–16], on toxicity testing of new medi-
cines and chemicals [14, 17], or on susceptibility 
to a variety of risk factors for cardiovascular dis-
ease [18]. In addition, swine has been selected as 
a model of induced pathological conditions in the 
case of diabetes [19–21], osteoporosis [22], or 
peptic ulcers [23] following and for healing liver 
transplant studies [24] and plastic surgery proce-
dures [25]. Furthermore, the development of 
genetically modified pigs has increased their use-
fulness as transgenic disease models, comple-
menting the widely used rodent models [26, 27]. 
Finally, swine models have been extensively used 
recently for the evaluation of orthopedic and cra-
niomaxillofacial osseous defect healing utilizing 
a great array of bone grafts, substitutes, devices, 
or orthopedic and dental implants [3–5, 28, 29].

4.1.3  Financial and Ethical 
Considerations

Besides their apparent similarity to human, swine 
has been considered as an experimental model in 
biomedicine due to economic but also ethical rea-
sons. The assumption, however, that because pigs 
are not companion animals, like dogs, cats, or 

rabbits, and are positioned much lower in the 
phylogenetic order from humans than monkeys, 
has largely contributed to their higher acceptance 
as an animal model in biomedical research [12, 
15, 30] has been recently challenged [31].

Although swine—especially the larger domes-
tic breeds—are characterized by a unique behav-
ior and have specific housing requirements, diet 
and socialization needs are relatively cheaper and 
easily available in regular laboratory settings. 
Furthermore, swine are able to produce large lit-
ters of new-borns, obtain a larger volume of 
blood or tissue biopsies, and allow the implanta-
tion of multiple test and control devices/implants 
of similar dimensions to what is already available 
in the market in the same animal, reducing the 
total number of animal necessary and the cost of 
customization, respectively [12, 15, 30].

4.2  Anatomical and Histological 
Characteristics 
of Porcine Bone

Swine have been chosen as experimental models 
for skeletal research due to their similarities in 
bone anatomy, morphology, healing, and remod-
eling, with human bone [3, 9, 15, 29, 32, 33]. 
Pigs, in contrast with other big animals (sheep 
and cows), are monogastric animals like humans 
and dogs [2]; this has affected their oral and den-
tal anatomy and their masticatory system, which 
is closer to that of humans [3].

The cranial and mandibular bones are mas-
sive, but their shape differs between domestic 
and miniature breeds. For example, the snout of 
the Yucatan and Sinclair strains is shorter, and 
their calvaria is rounder than that of the farm 
breeds [2]. These differences should be taken into 
consideration in oral and maxillofacial research. 
On the other hand, their tempo-mandibular joint 
is similar to that of humans and presents compa-
rable masticatory function making them more 
relevant models for dental implant research than 
rodents, rabbits, and carnivores [30, 34].

Although pig skeleton has a higher bone mass 
and thicker trabecular bone than that of humans, 
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porcine bone has a similar collagen matrix orga-
nization [33], lamellar structure, and remodeling 
rate to humans [22, 32, 33, 35]. The bone regen-
eration rate of the mini-pig mandible (1.2–
1.5  μm/day) is comparable to that of humans 
(1.0–1.5 μm/day) and less than that of dogs (1.5–
2.0 μm/day) [36, 37]. On the other hand, inter-
species comparison of posterior maxillae in 
humans, mice, rats, and mini-pigs, demonstrated 
equivalencies among the animal species in terms 
of bone mineral density, osteocyte density, and 
bone remodeling appositional rates [33]. The 
authors found no evidence of pig models’ superi-
ority over rodent models in representing human 
bone biology. Similarly, adult mini-pigs and rats 
presented similar mineral apposition and remod-
eling rates following a tooth extraction, although 
the duration of the healing process was four times 
faster in rats [38].

In recent years, the development of “osteope-
nia” [5, 9, 22] or “diabetes” [5, 19] mini-pig 
models provided opportunities to investigate the 
impact of these metabolic conditions on osseous 
healing and mineralization following different 
osseous reconstructive and implant treatments. 
Miniature swine do not usually develop sponta-
neous diabetes; therefore, it is induced by a com-
bination of either a slow infusion (130 mg/kg) or 
by a single dosage of streptozotocin (90 mg/kg 
body weight) and an enriched in lipids diet [39–
42]. Utilizing these diabetic models, we could 
expect similar metabolic alterations and histo-
pathological hard and soft tissues changes to 
those observed in diabetic humans [41, 42]. In a 
similar way, osteoporosis is induced in mini-pigs 
by ovariectomy and a calcium-deficient diet [9, 
22] in combination with glucocorticoids [43].

Several extra and intraoral anatomic locations 
models have been used in domestic and mini-pig 
breeds to evaluate (a) osseous healing following 
treatment with different biomaterials for bone 
regeneration, (b) osseointegration of dental 
implants and recently, and (c) the treatment of 
peri-implantitis. The following chapters will 
present the most commonly used and established 
in dental implant research, swine surgical models 
according to their anatomic location and clinical 
indication.

4.3  Intraoral Surgical Models

Intraoral surgical models are more clinical rele-
vant for studies evaluating dental implant osseo-
integration or osseous regeneration of various 
alveolar and peri-implant defects. The most com-
mon intraoral locations are the posterior mandi-
ble and maxilla, while models simulating sinus 
augmentation procedures have also been devel-
oped [5].

4.3.1  Anatomy of Mandible 
and Maxilla

The gross anatomy of the maxillofacial bones in 
pigs is similar to that of humans [30]. The most 
important anatomic characteristics in pig mandi-
ble and maxilla are illustrated in Figs. 4.1, 4.2, 
and 4.3.

The facial nerve and mental nerve distribution 
is different from that of humans. Pigs have also 
3–5 mental foramina in the lateral mental region 
because the mental nerve comprises four distinct 
nerves something that makes local anesthesia 
more difficult than with humans (Fig. 4.4) [44]. 
Another anatomic characteristic of mini-pigs is 
the fact that the volume, length, and depth of the 
mandibular canal, which is relevant for implant 
placement, is age dependent. The increase in the 
volume of the mandibular canal in relation to the 
decreased alveolar bone height reduces the avail-
able space for dental implantation and increases 
the risk for neurovascular trauma during surgery 
in older than 12  months mini-pigs [45]. In 
12-month-old Göttingen mini-pigs, the average 
alveolar bone height was 17.7  ±  2.8  mm, 

Fig. 4.1 Buccal view of a macerated pigs mandible
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Fig. 4.2 Buccal view of a part of a macerated pigs 
maxilla

Fig. 4.3 A young pigs’ macerated mandible cut in the 
medial sagittal plane, lingual view

Canine
1st

premolar
2nd

premolar
1st

molar
2nd
molar

Mental
foramens Mental

foramen

Fig. 4.4 Buccal view of 
a fresh cadaveric 
mandibular specimen. 
Three mental foramina 
with the associated 
branches of the mental 
nerve can be identified 
in the lateral mental 
region of the mandible

Table 4.1 Gingival emergence timing of permanent 
teeth in domestic pigs [46]

Overall range of domestic pig (in 
months after birth)

First incisor 11–17
Second 
incisor

14–20

Third incisor 6–12
Canine 6–12
First premolar 3.5–8
Second 
premolar

12–16

Third 
premolar

12–16

Fourth 
premolar

12–16

First molar 4–8
Second molar 7–13
Third molar 16–22

 significantly higher than the 17 and 21  months 
old animals, which had an average of 
13.9 ± 1.8 mm and 14.3 ± 1.2 mm, respectively 
[45].

The dentition in swine shares a lot of morpho-
logical similarities with the human one and has a 
deciduous and permanent dentition with three 
and four types of teeth, respectively. Their decid-
uous dentition comprises three incisors, one 
canine and three premolars and the permanent of 
three incisors, one canine and three to four pre-
molars and four molars, with one premolar usu-
ally smaller or absent [46]. The deciduous 
dentition in the pig is completed at 6–8 months of 
age, and the permanent teeth eruption starts at 
3  months and is completed at 22  months after 
birth [47] (Table 4.1), although there are distinct 
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differences between domestic and the different 
miniature breeds. This means that in most of the 
experimental models used in dental implant 
research, part of the deciduous dentition may be 
present at the age when usually the experimental 
surgery is taken place.

The histological characteristics of the oral 
mucosa and gingival epithelium follow a similar 
pattern to that of humans [47]. In mini-pigs, the 
squamous dental epithelium covers a significant 
part of the crown and similar to humans, is made 
of a stratified in-layer epithelium over a lamina 
propria of connective tissue. It is characterized by 
epithelial pegs, which are long and thin in the 
free gingiva and shorter in the crevicular epithe-
lium [30, 47]. The width of the attached gingiva 
is similar to that in humans [30].

4.3.2  Intraoral Osseous Defects 
for Bone Regeneration

Full or partial-thickness intraoral defects with a 
circular, oval, or rectangular configuration have 
been suggested to evaluate osseous healing fol-
lowing treatment with different bone grafts, sub-
stitutes, and biologics [5]. Although the vast 
majority of these defects are located in the man-
dible, the location, configuration, and dimensions 
of the ideal intraoral critical size defect in swine 
have not been determined yet [5].

4.3.2.1  Mandibular Bone Defects
Mandibular, cylindrical defects of standardized 
dimensions, made with trephine drills of specific 
diameters, are easily reproducible and compara-
ble. Fuerst et  al. treated 8  mm in diameter and 
6  mm in depth trephine mandibular defects in 
Minnesota mini-pigs with fibrin sealant with or 
without PRP [48] and with platelet-released 
growth factors (PRGF) and collagen type [49] 
and followed up the healing for a period of 4 and 
8  weeks. The authors reported that neither the 
fibrin sealant nor the PRGF combine or not with 
the collagen increased the amount of newly 
formed bone when compared to untreated defect 
controls. Jensen et al. [50] used 7 mm in diameter 
and 4 mm in depth trephine defects in the lateral 

surface of the ramus of Göttingen mini-pigs to 
compare three different bio-ceramic formulations 
with autogenous bone under Teflon membranes 
for guided bone regeneration (GBR) and evalu-
ated histomorphometrically the healing after 2, 4, 
8, and 24 weeks. Pieri et al. [51] created trephine 
cylindrical bone defects (3.5 mm in diameter and 
8 mm in depth) in the postextraction area of the 
second and fourth mandibular premolar, 2 months 
after their extraction and grafted each defect with 
combinations of mesenchymal stem cells 
(MSCs), platelet-rich plasma (PRP) incorporated 
into a fluorohydroxyapatite (FHA) scaffold or 
autogenous bone under collagen barrier. 
Histometric analysis showed that autogenous 
bone and the MSCs enhanced combination graft 
significantly increased bone formation after 
3  months of healing. However, the lack of 
untreated control defects in these studies does not 
allow any conclusion regarding the dimensions 
of cylindrical critical size defects in the 
mandible.

In an alternative model, similar standardized 
cylindrical defects of 6–7  mm in diameter and 
depth were created bilaterally on the surgically 
reduced and flattened mandibular alveolar ridge, 
3  months after the extraction of second, third 
fourth premolar and first molar. This model 
allowed the investigators to evaluate histologi-
cally the influence of different biomaterials on 
promoting new bone formation at 3 and 8 weeks’ 
postgrafting [52] and the osseointegration of the 
subsequently placed titanium implants at 8 weeks 
postimplantation [53]. The defects in these stud-
ies were not intended to be of critical size.

Besides the trephine cylindrical defect, other 
defect configurations of different dimensions 
have also been used in various mandibular loca-
tions [54–61]. Buser et  al. [54] suggested an 
experimental model where several grafts could 
be tested in the same animal by making three par-
tial thickness rhomboid defects (width at the base 
~12 mm, width at top ~10 mm, height ~12 mm, 
and defect depth ~5–6 mm) in each mandibular 
angle site of adult miniature pigs. In the specific 
study, one defect (control) was filled only with 
blood clots while the rest were treated with either 
a collagen sponge or demineralized freeze-dried 
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bone allograft (DFDBA), or tricalcium phosphate 
(TCP), coral-derived hydroxyapatite (HA) or 
autogenous bone grafts. All defects were covered 
with an e-PTFE membrane for GBR. Histological 
specimens at 4, 12, and 24  weeks showed the 
highest bone fill in the autograft-treated sites, 
while TCP resulted in significantly more bone fill 
among the other bone substitutes at 24  weeks 
postoperatively. This type of defect, however, 
may not have been of critical size dimensions 
since significant new bone formation was 
obtained in the empty but still membrane- 
protected control defects. Therefore, more 
demanding, chronic, one- or two-wall defects 
may be necessary for further evaluation of mate-
rials/techniques for mandibular bone reconstruc-
tion. Henkel et  al. claimed that oval-shaped, 
full-thickness, critical size defects (CSD) 
(>5  cm3) in the anterior mandibular ridge of 
12-month-old Göttingen mini-pigs were of criti-
cal size dimensions. The defects were filled with 
a ceramic graft (60% HA, 40% b-TCP) alone or 
in combination with cultures autologous osteo-
blasts but reported less bone formation in the 
combination group than the untreated the control 
where 54% new bone formation was recorded at 
only 5 weeks postoperatively [55]. Similarly, Sun 
et  al. concluded that 5  cm3 defects in the man-
dibular angle of growing domestic pigs 
(4 months) fulfill the criteria for CSD in contrast 
with similar defects in the anterior mandible [56]. 
The validity of this 5  cm3 CSD has been ques-
tioned before by Ruehe et al. [57] who reported 
using CT scan 87.2% and 75.5% new bone for-
mation in 4.2  cm3 and 10.1  cm3 alveolar ridge 
defects at 6  weeks of healing in even older 
(3 years old) Göttingen mini-pigs. Differences in 
age, breed and anatomic location may have 
played role in these discrepancies.

4.3.2.2  Maxillary Bone Defects
Maxillary bone defects in domestic and minia-
ture pigs have also been used for the evaluation of 
bone regeneration treatment protocols. Becker 
et  al. [62] restored the resected sinus wall in 
Göttingen mini-pigs with collagen membrane 
and HA blocks and Chang et al. [63] infraorbital 

rim defects of 3  ×  1.2  cm2 with mesenchymal 
cells as carriers of BMP-2 gene.

Henkel et al. [64] estimated that the CSD in 
the palate of young and older domestic pigs 
should be larger than 4 mm.

4.3.2.3  Alveolar Ridge Augmentation
Göttingen mini-pigs have been used as model for 
alveolar horizontal and vertical ridge augmenta-
tion with onlay block grafts [65–67]. Schliephake 
et  al. created block shaped defect 
(∼7 × 10 × 25 mm) through an extraoral incision 
and compared HA blocks of different porosity to 
autogenous cortical iliac bone graft for vertical 
ridge augmentation [65], or evaluated the effect 
of polylactic membranes over similar block grafts 
for lateral ridge augmentation [66]. Although the 
blocks were fixed with titanium screw implants, 
loss or fracture of the blocks in the vicinity of the 
titanium implants was a common problem and 
resulted in loss of graft. In another study, they 
reported a similar amount of horizontal bone 
augmentation following subperiosteal implanta-
tion of prefabricated autogenous bone grafts cul-
tivated in bovine bone blocks [67] with or without 
the use of a GBR barrier. The authors discussed 
the high osteogenic potential of the periosteum in 
mini-pigs, in contrast to humans, where the 
osteogenic activity of the periosteum is reduced 
with age.

Aluden et al. [68, 69] developed a new model 
for lateral ridge augmentation in the lateral sur-
face of the posterior mandible in 18 months old 
Göttingen mini-pigs, which allowed direct com-
parison of four different combinations of grafting 
materials in the same animal. The lateral and 
inferior mandibular border was exposed through 
a submandibular skin incision, and the soft lateral 
surface of the mandible was exposed and divided 
into four recipient sites. The first recipient site 
was positioned 15 mm from the posterior border 
of the mandibular ramus with an inter-recipient 
site distance of 10 mm. Following perforation of 
the lateral cortex, osteosynthesis screws were 
placed close to the inferior border of the mandi-
ble, corresponding to the midline of each aug-
mented area, as a reference landmark for 
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orientation at the later histological preparation. A 
fabricated stainless-steel frame (10 × 10 × 5 mm) 
was used to ensure a standardized quantity of the 
graft material at each recipient site. Changes in 
augmentation height and volume were assessed 
on CT, and new bone formation and graft con-
solidation was evaluated histologically at 10, 20, 
and 30  weeks postoperatively. The authors dis-
cussed the possibility of periosteal-driven bone 
formation since lateral augmentation was per-
formed outside the skeletal envelope; however, 
this was equally distributed between the respec-
tive groups. Another possible side effect was the 
animals’ postoperative behavior, which may 
cause difficulties in controlling pressure on the 
augmented areas.

4.3.3  Intraoral Implant 
Osseointegration Models

Due to the anatomic similarities, intraoral models 
are more relevant for evaluating dental implant 
osseointegration and have been extensively used 
in swine in the last 20 years [3, 5]. Most of these 
studies evaluated histologically the effect of vari-
ous implant surfaces surgical placement proto-
cols and timings or bone augmentation materials 
for the treatment of peri-implant defects on bone- 
to- implant contact (BIC).

Although earlier attempts to use intraoral jaw 
locations for the integration of dental implants 
have been reported in the literature [70], the first 
intra-alveolar model for titanium root-form den-
tal implants osseointegration in swine was devel-
oped by Hale et al. in 1991 [71]. They placed ten 
implants in the posterior edentulous mandible 
and evaluated their osseointegration histologi-
cally after 18  weeks of healing. The authors 
emphasized the suitability of the mini-pig man-
dible as an experimental model in dental implan-
tology due to the anatomical similarities and the 
dimensions of the porcine mandible that allow 
the placement of similar size dental implants 
with what we use in clinical practice.

Three studies [72–74] from the University of 
Goteborg used an osseointegration model where 
three implants were placed in the mesial socket 

of the second deciduous premolar, the mesial 
socket of the contralateral first deciduous premo-
lar and the canine region and one implant in the 
maxillary deciduous lateral incisor in 12-week- 
old, growing Pigham pigs. The authors concluded 
that proper implant osseointegration models 
should be performed in skeletally mature animals 
because osseointegrated implants behave more 
like ankylosed rather than normal erupting teeth 
during the period of active growth of the maxillo- 
facial area and developing dentition. The authors 
also reported an elevated failure rate, probably 
due to the immediate implantation that resulted 
in residual defects around the implants, facilitat-
ing fibrous tissue down growth, thus preventing 
osseointegration of the fixture in these growing 
animal models [73].

In a later study, Stadlinger et al. examined the 
osseointegration of different dental implant sur-
faces (type I collagen (coll), coll/chondroitin sul-
fate (CS), and coll/CS/rhBMP-4) in young, 
1-year-old miniature pigs [75]. Because the ani-
mals were young, they had to extract both decid-
uous premolars and the nonerupted tooth germs 
8 months before implant placement. The authors 
discussed the increased risk for unintentional 
implant placement into the alveolar canal due to 
the large extent of it, especially in adult pigs [45] 
or on the canine root whose crown is buccally 
located with a root crossing through the mandib-
ular body toward a lingual position.

Similar osseointegration models in the poste-
rior mandible of adult Göttingen mini-pigs have 
been used to evaluate the effect on osseointegra-
tion of diagnostic radiation [76], thermal expo-
sure during drilling sequence [77], immediate 
loading [78–82], platelet-rich plasma application 
[83, 84], to assess the influence of different 
implant surface modifications or materials on 
BIC [85–91], different implant designs [92, 93] 
and to evaluate the accuracy of a computer-aided 
surgical navigation system [94].

The mandible has been used as a location for 
models of immediate (type I) implant placement 
into fresh extraction sockets [95, 96]. Rimondini 
et  al. inserted 13  mm long and 4.5  mm wide 
implants into the interradicular septum of man-
dibular premolar fresh extraction sockets in adult 
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mini-pigs to evaluate osseointegration rate and 
the remodeling of soft and hard tissues around 
implants at 7, 15, 30, and 60 days postoperative. 
The results revealed that the immediately placed 
implants were osseointegrated after 60 days, even 
without an initial bone contact [95]. Linares et al. 
also used a mandibular model in 14–16 months 
old female Göttingen mini-pigs to investigate the 
possible effect of immediate implant placement 
and loading on buccal bone crest levels and BIC 
on implants with a hydrophilic moderately rough 
surface [96]. Three months after the extraction of 
first molar and second premolar in one hemi- 
mandible, they immediately installed two 
implants in the distal sockets of the third and 
fourth premolar, which left to heal without any 
loading for 1 month period. One month later, two 
more implants were placed immediately into the 
same extraction sockets in the other hemi- 
mandible and loaded immediately with long 
(4.5 mm) single healing abutments. According to 
the authors, functional loading occurred immedi-
ately, as it was indicated by the abrasions on the 
surface of the long-healing abutments that have a 
similar height to that of the neighboring teeth 
cusps.

The maxilla of adult mini-pigs (>2 years old) 
has been used as an alternative to the mandible 
model to study the influence of different implant 
surface modifications on osseointegration. Buser 
et al. [97] inserted six implants with different sur-
face micro-topography and surface treatment at 
6 months after extraction of the anterior maxil-
lary teeth. After 4, 8, and 12 weeks of healing, 
removal torque testing was performed to evaluate 
the interfacial shear strength of each implant 
type. The results revealed that the interfacial 
shear strength of titanium implants was signifi-
cantly influenced by their surface characteristics, 
whereby the machined titanium surface demon-
strated significantly lower removal torque in the 
maxilla as compared to the rougher surfaces. The 
same animal model was used to evaluate the 
osseointegration of chemically modified SLA 
titanium surface [98] or zirconia implants [99].

Finally, Clockie & Bell suggested an alterna-
tive model that allows to study of dental implants 
in the jaw bone and reduces the risk of early fail-

ure due to premature loading. For this reason, 
they performed a submandibular skin/muscle 
incision to access the inferior border of the man-
dible and placed four implants in each hemi- 
mandible of male Yucatan mini-pigs. They 
reported that this model was reliable for osseoin-
tegration and allowed them to test the effect of 
recombinant human transforming growth factor 
beta-1 on bone-to-implant conduct [100].

4.3.4  Treatment of Peri-Implant 
Defects

Intraoral experimental models simulating dehis-
cence and/or fenestration defects around dental 
implants, immediate implant placement into 
fresh extraction sockets, and peri-implantitis-like 
osseous defects have been used in recent years in 
swine [5]. The effect of functional loading on the 
amount of newly formed bone and osseointegra-
tion at dehiscence-type defects around implants 
with a hydrophilic surface, following bone graft-
ing and GBR, has been histologically evaluated 
in 12, 20-month-old Göttingen mini-pigs [101]. 
Chronic defects were created on both sides of the 
mandible by tooth extraction and resection of the 
buccal plate on a length of 40 mm and a height of 
6  mm, leaving the lingual cortical plate intact. 
After 3  months, dental implants were inserted 
into the reduced thickness alveolar ridge, and 
new standardized dehiscence defects (2× 6× 12, 
see Fig. 4.5) were treated either with a synthetic 
bone substitute (SBS) or with SBS and a polyeth-
ylene glycol membrane. In total, 48 implants 
were placed in 12 animals (four implants/ani-
mal), two in each hemi-mandible. The histologi-
cal analysis performed after 2 months revealed 
that the use of barrier membranes with appropri-
ate occlusive properties is strongly recommended 
in order to avoid interference with the healing 
and that the short-term loading of implants with a 
hydrophilic SLActive surface inserted in the 
dehiscence defects may have a positive influence 
on osseointegration. The double, acute—chronic 
nature of this type of defect recreated much 
closer the clinical reality and provided a model 
for osseous healing around implants that com-
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Fig. 4.5 Three months after baseline: Creation of stan-
dardized acute dehiscence-type defect. (a) Standardized 
defects were created around the osteotomy by removing 
part of the buccal bone. (b) The resulting dehiscence 
defects presented a triangular-shaped base and the follow-

ing dimensions: 6 mm apicocoronally, 12 mm mesiodis-
tally, and 2  mm bucco-lingually. (c) Schematic 
representation of the dehiscence defect. (With permis-
sions from [101])

bined the reduced healing potential of a chronic 
defect and the standardized dimensions of an 
acute defect.

Similar dehiscence [102] or circumferential 
[103, 104] defects have been used as experimen-
tal models for the evaluation of other biomateri-
als for simultaneous GBR around dental implants. 
It is worth mentioning, however, that the circum-
ferential defects described in the above studies 
are not of critical size dimensions, and a signifi-
cant amount of spontaneous osseous healing 
should be expected.

Similar to Clockie and Bell [79], Almansoori 
et al. [105] placed three implants in the inferior 
border of each hemi-mandible of miniature pigs 
and created standardized half-round bony defects 
with a diameter of 8  mm, depth of 2  mm, and 
height of 4 mm in the buccal aspect of implants to 

evaluate with μCT and histology the bone regen-
eration capacity of a composite scaffold loaded 
with stem cells and platelet-rich plasma.

Intraoral peri-implant defects simulating those 
found in peri-implantitis have also been pre-
sented in mini-pigs. Hickey et al. [106] success-
fully induced peri-implantitis 45 days following 
4-0 silk suture ligature placement around 12 
implants placed in the edentulous mandibular 
premolar region of two micro swine. Singh et al. 
[107] used the same model of experimental peri- 
implantitis to report that peri-implantitis-induced 
osseous defects could be regenerated by Teflon 
GBR barriers. However, only 35.6% of the regen-
erated bone fill was re-osseointegrated since a 
soft tissue interface was observed between bone 
and fixture in the remaining 64.4% of the regen-
erated bone. Both studies concluded that mini- 
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pigs could be used as peri-implantitis models 
where both the pathogenesis and treatment of the 
disease could be investigated in a reproducible 
way.

4.3.5  Sinus Augmentation

Animal models of sinus augmentation models are 
not always simple because of the anatomical dif-
ferences between the different species and the 
human. The ideal sinus augmentation model 
should have a similar cortical thickness of the lat-
eral sinus wall, morphology, and thickness of the 
Schneiderian membrane and should allow an 
intraoral approach [108, 109]. In pigs, the maxil-
lary sinus is located caudally, close to the zygo-
matic bone and the infraorbital nerve in adult 
animals and is smaller than in sheep and goats. 
Because the projection field of the sinus in pigs, 
is 2 cm dorsally and 2 cm caudally from the oral 
cleft, the approach from the oral cavity, like in 
humans, needs an extensive enlargement of the 
buccal vestibule [108]. In addition, the cortical 
bone thickness of the pig lateral sinus wall aver-
ages 2.8  mm, significantly thicker than that of 
humans [108]. On the contrary, the sinuses in 
miniature pigs are of comparable size and shape 
to human sinuses, and the sinus membrane is 
similar to that of humans [110]. For this reason, 
an extraoral access of the maxillary sinus where 
the implants could be inserted from the lateral 
sinus wall rather than the alveolar process has 
been suggested [109–111]. Terheyden et al. [109] 
used this approach in Göttingen mini-pigs to 
examine whether the combination of rhOP-1 
with natural bovine bone mineral (NBBM) would 
improve ossification and the BIC in a sinus floor 
augmentation with simultaneous placement of 
implants. He reported significantly higher BIC in 
the augmented with rhOP-1 sinus was 80.0% 
after 6 months of healing. The same model was 
used to investigate the effect of grafting the sinus 
cavity with autogenous osteoblast-like cells on an 
NBBM carrier [112], beta-tricalcium phosphate 
(β-TCP) with recombinant human growth and 
differentiation factor-5 with or autogenous bone 
[113] autologous and NBBM bone grafts with 

platelets derivatives [114] and MSCs and PRP on 
a HA scaffold [115]. In all these studies, the lat-
eral sinus wall was exposed through an extraoral 
sagittal skin incision, and the implants were 
inserted from the lateral wall.

4.4  Extraoral Surgical Models

Extraoral locations in swine were used in a lim-
ited number of studies for the investigation of 
implant osseointegration. The most common 
extraoral locations are: (a) calvarial and facial 
bones, (b) long bones, and (c) other locations like 
scapula and iliac crest.

4.4.1  Calvarial and Facial Bones

Critical size calvarial defects in mini-pigs have 
been mainly suggested as a model for the investi-
gation of bone regeneration materials [37, 116], 
although this anatomical area has also been used 
for the study of implant osseointegration in con-
junction with bone regeneration [117].

Schlegel et al. (2003) developed a model for 
implant osseointegration in 12-month-old pigs. 
Following intravenous injection of ketamine 
hydrochloride and local anesthesia, a full- 
thickness sagittal incision was made to reflect 
skin, muscles, and periosteum. Four implants 
were placed into the frontal bone, in a sagittal 
row from left to right, and each one was assigned 
to one of the four experimental groups according 
to different osteotomy preparation protocols: (a) 
manufacturer’s guidelines, (b) implant surface 
conditioning with bovine collagen, (c) PRP 
placement into the osteotomy, and (d) osteotomy 
widening bone condensers. The soft tissues were 
readapted and closed by resorbable sutures. 
Streptomycin (0.5  g/day) was administered for 
the first 3 postoperative days. The animals were 
sacrificed by an overdose of pentobarbital at 2, 4, 
and 8  weeks. The authors concluded that bone 
bed conditioning with bone condensation, bovine 
collagen, or PRP might enhance the osseointe-
gration of implants in the frontal skull of the pigs 
only at the early phase of healing [117].

N. Mardas et al.



67

Poort et al. (2016) developed a similar model 
in miniature pigs to evaluate the effect of implant 
surface treatment and irradiation on osseointe-
gration of implants by means of resonance fre-
quency analysis and removal torques [118]. In 16 
adult Göttingen, mini-pigs, a U-shaped incision 
was performed over the frontal bone to obtain a 
broad vascular base skin-muco-periosteal flap, 
and nine implants were placed in the frontal bone 
of each animal 13 weeks after irradiation. Three 
groups of four pigs received radiation of 25, 50, 
and 70 Gy; one group served as control. During 
implant placement, four pilot holes were drilled 
in the left side of the frontal irradiated bone, and 
another five holes were drilled in the nonirradi-
ated bone caudally of the irradiated field. Three 
different implant surfaces were compared: (a) 
machined, (b) sandblasted and etched, and (c) 
sandblasted, etched and hydroxy-apatite-vapor- 
deposition (HAVD) coated. Antibiotic prophy-
laxis and pain medication were given for 3 days. 
The authors reported that irradiated bone does 
not influence implant stability and osseointegra-
tion, especially when HAVD surfaces are used, 
considering, however, that in this model, the radi-
ation dose was given in two major fractions, 
while in humans radiotherapy is given in daily 
small fractions [118].

4.4.2  Long Bones

Dental implants have been placed in the femur, 
tibia, fibula, scapula, and iliac crest [119–121] to 
evaluate the possible effect of placement proto-
cols, surface modifications, and regeneration 
materials on their osseointegration rate and 
characteristics.

Buser et al. [119] designed a model in the tib-
ial and femoral metaphysis of 12-month-old min-
iature pigs to evaluate the influence of different 
surface characteristics on osseointegration of 
hollow-cylinder implants. After 3 and 6  weeks, 
the histological examination showed that the 
extent of BIC is positively correlated with the 
increasing roughness of the implant surface.

The femur of Göttingen mini-pigs has also 
been used to evaluate histologically and biome-

chanically and with micro-CT the osseointegra-
tion rate of poly(l-lactide-co-glycolide) (PLGA) 
implants compounded with either nanostructured 
or microsized β-TCP particles [122] and of tita-
nium plasma-spray (TPS) chromo-sulfuric acid 
etched (CSA) coated implants [123].

The tibia of mini-pigs has been used as a 
model for the evaluation of different surface 
modifications on implant osseointegration. 
Kalemaj et  al. (2016) evaluated histomorpho-
metrically four implant surface modifications 
(1) Kohno Straight dual-engineered surface 
(DES); (2) SLActive (Straumann); (3) SM 
Biotite-H coated with Brushite (DIO); and (4) 
UF hybrid sandblasted and acid-etched (HAS) 
(DIO)], following insertion into both tibias of 
six Göttingen mini-pigs. Biocompatibility and 
bone healing were characterized equal and satis-
factory for all surfaces, but the hybrid sand-
blasted and acid- etched surface resulted in 
higher bone-to-implant conduct values [124]. In 
a similar model, after 56 days of healing, alu-
mina-toughened zirconia implants showed 
higher osseointegration indexes compared to 
phosphate-enriched titanium oxide implants 
[125] when inserted into mini-pig tibia and elec-
trochemical oxidation led to significantly higher 
bone apposition on SLAffinity-Ti implants 
placed into the tibia of Lanyu small-ear pigs 
after 2 and 8 weeks of healing [126].

Tibia models have also been used for the 
evaluation of different surgical placement proto-
cols and regenerative materials. Buchter et  al. 
(2005) observed decreased implant stability and 
osseointegration when implants were placed in 
the cranial and caudal tibia condyle of Göttingen 
mini-pigs using the osteotome technique, in 
comparison to implants placed with the convec-
tional osteotomy protocol [127]. Furthermore, a 
collagenous disc-shaped scaffold 
(ICBM =  Insoluble Collagenous Bone Matrix) 
containing rhBMP-2 (Bone Morphogenetic 
Protein-2) and/or VEGF (Vascular Endothelial 
Growth Factor) was applied around the coronal 
part of dental implants inserted into tibia of 12 
mini-pigs to investigate the possible synergistic 
effect of rhBMP-2 and VEGF on vertical bone 
augmentation [128].
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4.4.3  Other Locations

Other extraoral skeletal locations that have been 
used are the scapula and the iliac crest. Rohner 
et  al. investigated the potential biomechanical 
benefits of bi-cortical anchorage of dental 
implants placed, besides long bones (fibula), into 
the scapula and iliac crest of Yorkshire pigs. They 
showed that the quality of bone, the type of 
anchorage, and the length of the implant deter-
mine the biomechanical fit and the biologic 
bone–implant interface [120, 121]. Recently, Lee 
et al. developed a block-type ilium and an inter-
vertebral cage-type spine model in 12 adult male 
Yucatan mini-pigs for the BIC quantitative mea-
sure and histological evaluation of HA-coated 
PEEK implants. They demonstrated that the 
fusion rate of the implant and the regeneration of 
bone tissue were improved after HA coating on 
PEEK implants [129].

4.5  Description of Presurgical 
and Surgical Procedures

4.5.1  Presurgical

All surgical procedures should be performed 
under aseptic conditions in order to avoid infec-
tions. Prior to the surgery, the animals could be 
prescribed 1 g amoxicillin IM [119, 122].

4.5.2  Induction, General, and Local 
Anesthesia

Protocols for general anesthesia are also well- 
established [123, 130]. The animals could be 
sedated and subsequently anesthetized by one of 
the following:

 1. Ketamine, induced and orally intubated with 
Pentobarbitane and maintained with 1% 
Halothane [120].

 2. Ketamine (10 mg/kg), atropine (0.06 ml/kg), 
and Stresnil (0.03 ml/kg) [127].

 3. 2% Xylazine (2.3  mg/kg) and Tiletamine/
Zolazepam (3 mg/kg) prior to intubation anes-
thesia with Isoflurane/Halothane and O2 [125]

 4. Zoletil 100 (Tiletamine hydrochloride + 
Zolazepam hydrochloride) at a dose of 6 mg/
kg IM and maintained with Isoflurane at 
2/2.5% in oxygen [124].

 5. Intramuscular injection of Azaperone 
(3–4 mg/kg) and Atropine (0.04–0.05 mg/kg) 
and the anesthesia was maintained with 2% 
Halothane gas inhalation via a facemask 
[126].

 6. 10  mg/kg Ketamin and 5  mg/kg Azaperon 
(Stresnil®) by endotracheal intubation. [128]

Local infiltration with 3% lignocaine or 2% 
lidocaine with 12.5 mg/ml epinephrine could be 
used [120, 127]. For intraoperative pain manage-
ment, 0.5  ml piritramid and articainhydrochlo-
ride have been suggested [128].

4.5.3  Postoperative Pain Control 
and Coverage

After the first few postoperative days, all animals 
should be monitored for signs of wound infection 
and assessed for good health. Postoperatively, 
animals are prescribed standard postoperative 
pain medication and oral antibiotic coverage 
[119, 120, 122, 124, 127, 128] and given ad libi-
tum access to food and water for the duration of 
the study.

An overdose of pentobarbital intravenously is 
the most common protocol for sacrifice [124, 
126, 128].

4.5.4  Description of the Extraoral 
Procedure

In general, tibial and femoral bone is exposed 
after the incision of the skin and the subcutane-
ous tissue. Relevant arteries such as the tibial 
artery could be ligated in advance. Mono- or bi- 
cortical osteotomies are prepared, in a parallel 
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sagittal row, into the anterior cortex of the femur 
or in the diaphysis of the tibia under saline 
 irrigation following sequential drilling according 
to manufacturer’s guidelines [126]. A maximum 
of two implants in the femur and three to six 
implants in the tibia, with similar dimensions to 
those used in the clinic, have been placed in the 
majority of the studies [119, 122]. The correct 
implant insertion could be confirmed by postop-
erative radiographs, and a multi-layered wound 
closure to completely cover the implants using 
resorbable sutures is performed [125, 128]. Some 
authors have underlined the importance of allo-
cating the different type of implants in such a 
way as to avoid placement of a certain type of 
implant only in the mesial or distal part of the 
tibia, where anatomically bone is narrower, and 
the probability of bi-cortical contact is higher.

In the porcine models using the fibula, the sur-
gical area is dissected through a lateral approach, 
and the implants are inserted perpendicular to the 
lateral surface of the middle third of the fibula 
trying to achieve bi-cortical fixation. Because of 
the limited bone thickness (7 mm) in that region, 
only 6–8 mm implants can be inserted [120, 121]. 
The iliac crest is dissected through a skin crestal 
incision starting from the anterior superior to the 
posterior spine, and the implants are placed per-
pendicular to the superior crest. The lateral bor-
der of the scapula is exposed by skin incision and 
via muscle flaps, and up to four implants could be 
inserted mono-cortically along the axis of the 
scapula at the lateral crest.

4.5.5  Conclusions

The optimum location for implant placement is 
rather determined by the specific scientific ques-
tion, the hypothesis under investigation, and the 
number and nature of the control groups. The 
advantage of using a mini-pig femur might be 
that the shaft of the femur could accommodate 
five conical implants for equal healing conditions 
[122].

Both the frontal skull and long bone of mini- 
pigs provide comparable implant placement sites 
for inter- and intra-individual analysis. The pub-

lished data referred to these surgical locations 
demonstrated no complications such as infec-
tions or other clinical concerns [119, 126, 127]. 
However, the intramembranous ossification with 
a similar mineralization rate between human and 
the porcine calvarial bones [4], the absence of 
central blood vessel supply, and the class 2 or 3 
bone quality [117] make calvaria models a more 
representative model for implant dentistry. 
Besides that, the extrapolation of the results of 
the studies on implants inserted into extraoral 
locations should be made with caution as bone 
recovery differs compared to intraoral bone, the 
exposure to oral environment microorganisms is 
missing, and the implants are not loaded [124, 
128].

4.6  Investigative Methods 
of Evaluation

In light of the refinement principle in animal 
research, it is of outmost importance to choose 
the best investigative methods so that reliable and 
relevant data can be extrapolated and meaningful 
conclusions can be drawn.

4.6.1  Radiographic Analyses

4.6.1.1  2D Radiographs
Intraoral radiographs are of limited value for 
documenting interval bone healing and implant 
osseointegration in animal models, as they are 
two-dimensional images which demonstrate 
bone formation only after the regenerated tissue 
is densely calcified. Moreover, evaluations on 
intraoral radiographs might be impaired by ana-
tomical superposition and geometric distortion, 
which could hide unfavorable marginal bone 
level loss or absence of osseointegration. 
Nevertheless, intraoral radiographic measures 
could estimate marginal peri-implant bone level 
in mini-pigs, with a significant correlation 
between peri-implant bone level assessments 
performed on intraoral radiographs, CBCT 
images, and histological slices [131]. On aver-
age, CBCT and intraoral radiograph images 
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deviated 1.2 and 1.17 mm from the histological 
bone level.

Some studies have suggested using contact 
radiography (CR) as a fast and economical 
method to assess osseointegration. Unlike con-
ventional radiography, CR is performed by direct 
contact between the X-ray film and the object, 
thus reducing blurring artifacts. Bissinger et  al. 
[132] showed that only moderate differences in 
terms of BIC (0.6%) and BV/BT (1.3%) could be 
observed when histology slices of implants 
placed in the maxilla of mini-pigs were analyzed 
with CR or Giemsa-eosin stain and conventional 
histomorphometry.

4.6.1.2  3D Radiographic Examinations
Computed tomography (CT) is a well- 
documented methodology for the 3D evaluation 
of calcified anatomical structures such as bone 
and teeth, and it has been used for the assessment 
of bone geometry, volume, and density values 
through Hounsfield units (HU). The linear rela-
tionship between mean CT-values and calcium 
content has been well documented for several 
bones in humans [133, 134], including the man-
dible [135].

Few studies in mini-pigs have successfully 
employed serial CT scans to evaluate the mean 
percentage of bone volume and/or radiographic 
bone fill in bone defect models [57, 136] and dis-
traction osteogenesis models [137] or to perform 
bone density measurements in the jawbones 
[138]. In a study comparing conventional radiog-
raphy, CT, and magnetic resonance imaging 
(MRI) in the head region of pigs, Kyllar et  al. 
[139] showed that radiography is only suitable 
for a general assessment of bone structures and 
CT shows excellent spatial definition of bony 
structure, while MRI is able to return fine soft tis-
sue details. Recently, it was indicated that the pri-
mary stability of implants placed in porcine 
femoral heads could be quantitatively estimated 
using the CT value preoperatively, since it was 
correlated with removal torque value, insertion 
torque value, and implant stability quotient [140].

The cone-beam computed tomography 
(CBCT) was introduced in the late Nineties in 
medical imaging, and since then, its indications 

and applications in dentistry have consistently 
grown due to its image quality, the relatively 
low radiation exposure, and the reduced costs 
compared to CT [141]. Grobe et  al. [142] 
reported that the accuracy of bone measure-
ments performed in the vicinity of titanium 
implants placed in mini-pigs with CBCTs was 
comparable to histological measurements. 
Likewise, Kropil et al. [143] reported a positive 
correlation between histological bone regenera-
tion of tibial bone defects in mini-pigs and the 
extent of bone regeneration measured with 
CBCT and suggested that CBCT allowed for 
reliable, noninvasive quantitative monitoring of 
bone healing.

While the use of HUs derived from MSCTs is 
well-established to assess bone quality, the use of 
gray values in CBCTs for bone quality assess-
ment is more controversial [144]. Recently, Kang 
et  al. reported that dental implant stability in 
mini-pig bone measured by impact response fre-
quency was highly correlated with 3D trabecular 
micro-structural parameters recorded using 
CBCT and μ-CT and it was suggested that the 
combination of bone density and architectural 
parameters measured using CBCT could predict 
the implant stability more accurately than the 
density alone [145].

Another relevant technique to visualize com-
plex 3D structures is μ-CT. It offers the possibil-
ity for qualitative 3D recording of the 
bone–implant system and for nondestructive 
evaluation of bone architecture and mineral den-
sity [146, 147]. In addition, when combined with 
a perfused contrast agent in vivo, μ-CT can show 
3D vascular architecture within the bone com-
partment [148]. μ-CT requires the definition of a 
volume of interest (VOI) around the implant and 
that a threshold is chosen to detect voxels repre-
senting bone. The following measurements are 
commonly obtained from μ-CT scanning for both 
trabecular and cortical bone:

 – the total volume (TV) of tissue enclosed by 
the contours;

 – bone volume (BV); the volume of the voxels 
that are above the threshold chosen to indicate 
bone tissue;
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 – BV/TV: bone volume fraction is the ratio of 
BV to TV (this parameter is described as a 
percentage of the TV that is bone);

 – BMD: the average mineral density of only 
those voxels above the threshold;

 – BMC: the average mass of bone mineral above 
the threshold.

In addition, can also be measured, as well as 
parameters such as trabecular number (Tb.N), 
trabecular thickness (Tb.Th), trabecular separa-
tion (Tb.Sp), connectivity density (Conn.D), and 
structure mode index (SMI).

The accuracy of μ-CT-based quantitative eval-
uation may be affected by unavoidable metal 
scatter surrounding the titanium implant due to 
the implant material. Nevertheless, a constrained 
three-dimensional Gaussian filter can be used to 
partially suppress image noise [149, 150], and 
preclinical studies in mini-pig reported a positive 
correlation between μ-CT and histomorphometry 
outcomes [151, 152], thus suggesting that μ-CT 
should be used as a complementary method to 
histomorphometry.

Recently, Pilawski et al. analyzed specimens 
of posterior mandibles from humans, mini-pigs, 
rats, and mice via μ-CT imaging, followed by 
quantitative analyses coupled with histology and 
immunohistochemistry [33]. These analyses 
demonstrated that bone volume differed among 
the species while bone mineral density was equal. 
All species showed a similar density of alveolar 
osteocytes, with a highly conserved pattern of 
collagen organization.

4.6.2  Histology-Histomorphometry

Histology and histomorphometry probably 
remain the most accurate technology to quantify 
implant integration. Specimens of the implant 
and surrounding tissue can be fixed and embed-
ded in a plastic resin (methyl methacrylate, 
MMA), which allows cut sections of approxi-
mately 150 μm, according to the EXAKT Cutting 
& Grinding Technology. The sections can then be 
placed on a high-resolution X-ray film or digi-
tized plate to yield contact radiographs (CR). 

Otherwise, sections can be stained with toluidine 
blue (or other stains, such as von Kossa for min-
eralized tissue) and analyzed under a light micro-
scope for histomorphometry analysis. 
Undecalcified sections can be further ground to 
<100 μm; however, in the presence of an implant, 
this should be done carefully as it might result in 
implant detachment.

Alternatively, bone samples (without implants) 
can also be fixed, decalcified, dehydrated, and 
embedded into paraffin for traditional decalcified 
histology.

Performing undecalcified bone histology is 
technically more challenging, particularly with 
large-size specimens; it is more time-consuming 
and expensive. Moreover, enzyme and immunohis-
tochemistry analyses of MMA-embedded sections 
remain far more challenging and not completely 
validated. However, undecalcified histology offers 
the major advantage of maintaining the structural 
integrity of bone and preserving information about 
bone mineralization; furthermore, it is the tech-
nique of choice in the presence of a hard, nonmin-
eralized structure like dental implants.

When assessing implant integration, it is 
important to compare sections cut along the same 
direction. The histomorphometric parameters 
that are most commonly evaluated in implant 
studies include:

 – bone to-implant contact (BIC); this intuitively 
represents the direct contact between bone 
and the implant threads. Each implant thread 
needs to be evaluated under light microscope 
and image analysis tools are employed to 
assess BIC.

 – bone area (BA); this parameter is employed to 
quantify the area of bone in a thread region or 
preselected region of interest (ROI). While 
BIC reflects more osseointegration, BA 
reflects the remodeling activity in the threaded 
region as a whole. The ratio of bone area to 
total area (BATA) around the implant can also 
be assessed [89].

 – percentage of bone area on the total area (BA/
TA). It is a planar measurement in histology, 
in contrast to the volumetric value of the entire 
ROI in μCT.
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 – marginal bone loss (MBL), representing the 
linear distance from the top of the implant to 
the first bone contact.

Other parameters that can be evaluated are tra-
becular number (Tb.N), trabecular thickness (Tb.
Th), and trabecular separation (Tb.Sp).

Furthermore, the sequential administration of 
fluorescent polychrome labeling while the animal 
is alive can be employed to estimate the rate of 
new bone formation in the animals [153]. There 
is, however, a lack of standardized procedures for 
using this technique. In addition, many types of 
fluorochromes exist and different results can be 
obtained in relation to the type, concentration, 
route of administration, and methods of visual-
ization [154].

Immunohistochemistry (IHC) and immuno-
fluorescence (IF) are widely applied techniques 
that allow to identify specific molecules of inter-
est within the histological tissue analyzed. In 
implant dentistry research, they can be employed, 
for instance, to identify bone markers (e.g., 
osteocalcin, alkaline phosphatase, osteonectin, 
osteopontin, etc.), inflammatory markers (e.g., 
cytokines), or angiogenesis markers (VEGF, 
CD31, etc.).

Both techniques rely on the specificity of the 
antigen–antibody reaction to detect the distribu-
tion of a target molecule, but the methods for 
detecting the target output signals are different 
and require different equipment. In IHC, the tar-
get molecule(s) is visualized with visible light 
through chromogenic dyes with enzymatic reac-
tions, while IF staining uses fluorescence probes 
conjugated either with the primary or secondary 
antibody against the target. IHC is more suitable 
for detecting the distribution of marker-positive 
cells in a large area, while IF is more suitable for 
the subcellular localization of target molecules 
[155]. Although IHC and IF are conventionally 
applied to decalcified bone specimens, specific 
protocols have been developed for undecalcified 
bone sections [156].

4.6.3  Biomechanics

Mechanical strength of the bone–implant inter-
face in mini-pigs is commonly tested through the 
removal torque testing (RTQ), which has been 
described in details by Buser et  al. [157]. Each 
maxilla where implants have been placed is 
embedded in a fast-curring dental cement to 
facilitate handling and provide adequate temper-
ature isolation. RTQ testing is then performed on 
a servo-hydraulic biaxial testing machine. The 
alignment of the dental implant axis with that of 
the hydraulic actuator is essential to ensure the 
application of pure axial torsion to the specimens. 
The implants are, therefore, attached to the 
hydraulic actuator via the custom-machined 
square interface, thus guaranteeing alignment of 
the implant and actuator. The implant–bone–
cement composite specimen is then lowered into 
a metal container, which is rigidly attached to the 
loading frame of the machine. The space sur-
rounding the specimen should be filled with a 
low-melting temperature metal alloy, and the 
cooling of the alloy rigidly fixes the specimen in 
the machine. RTQ is performed by rotating the 
implant counter clockwise at a rate of 0.1°/s 
while simultaneously collecting angle and torque 
data at a sampling rate of 10  Hz. Specimens 
should be kept moist throughout testing by spray-
ing with saline solution. A torque rotation curve, 
showing RTQ as a function of degrees of rota-
tion, needs to be recorded during each removal 
process of the analyzed implants, and the RTQ 
value is eventually defined as the maximum 
torque measured.

Other mechanical evaluations that can be 
recorded and can provide useful information on 
the osseointegration process and stability of the 
implants include the insertion torque, the pull-out 
test, the resistance to fracture on insertion, the 
flexural strength, and fracture resonance fre-
quency analysis (RFA). The latter is a noninva-
sive test that relates to the “implant stability as a 
function of the stiffness” [158]. RFA requires the 
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connection of a metal peg (transducer) with a 
magnet top to the implant. Magnetic pulses 
(alternating sine waves of uniform amplitude) 
cause the peg to vibrate, increasing steadily in 
pitch until the implant resonates. More specifi-
cally, RFA returns an Implant Stability Quotient 
(ISQ), whose scale runs from 1 to 100. The higher 
the resonant frequency, the more stable the 
implant. Garamanzini et al. [146] showed a sig-
nificant positive correlation between insertion 
torque and RFA in implants placed in mini-pigs’ 
tibiae, while studies in orthodontic mini-implants 
placed in pigs showed a correlation between RFA 
and insertion depth, radiographic bone density, 
cortical bone thickness and percussion test values 
[159, 160].

Most of the available studies have investigated 
the mechanical properties of implants placed in 
mini-pigs at 4, 8, and 12 weeks [157, 161–163], 
so these healing points should also be recom-
mended in future studies in order to make the 
outcomes comparable.

4.6.4  Biologic Fluids Analysis

The mechanism by which inflammatory and bone 
biomarkers are released during osseointegration 
has not yet been identified, and the analysis of 
biological fluids, such as blood, saliva, and peri- 
implant crevicular fluid (PICF), might offer new 
insights. In particular, saliva and peri-implant 
fluid are attractive sources of biomarkers, as their 
collection is noninvasive, quick, cost-effective, 
and can be performed at optimal time points dur-
ing the osseointegration process. Recent system-
atic reviews have highlighted that PICF contains 
inflammatory mediators that can be used as addi-
tional criteria for a more robust diagnosis of peri- 
implant infection [164, 165].

Limited literature is currently available on the 
characterization of porcine saliva, and it mainly 
relates to the identification of stress biomarkers 
or disease markers [166, 167]. Recently, Carlisle 
et  al. [168] assessed the concentration of rh- 
BMP- 2 and inflammatory markers in serum and 
surgery-site drain effluent in a study evaluating 
the efficacy of rhBMO-2-loaded scaffolds to treat 

mandibular fractures. To our knowledge, no study 
has used PICF in implant studies in mini-pigs.

Future studies are therefore needed to investi-
gate the potential of biomarkers noninvasively 
retrieved in biological fluids like saliva and PICF 
to monitor the osseointegration process in animal 
models.

4.6.5  Bacteriology

Dental implants like natural teeth are colonized 
by microorganisms. Microbiology analysis of 
supra and subgingival plaque samples associated 
with dental implants is important to study the 
transition from a health peri-implant mucosa to 
mucositis and to peri-implantitis. In recent years, 
next-generation sequencing technologies have 
dramatically improved sequencing capabilities 
and have been successfully applied for oral 
microbial analysis in a high-throughput manner 
[169].

An advantage of using pigs as a model for 
bacterial infections is that they present an immune 
response comparable to that of humans [170]. As 
a matter of fact, there is a 78% similarity, both 
structurally and functionally, between human and 
porcine immune-related proteins [171]. The pop-
ulation of immune cells in humans and pigs is 
also alike similar to humans, and pigs also have a 
large percentage of PMNs in the peripheral blood 
[170].

As such, Hickey et  al. proposed to collect 
plaque samples in ligature-induced peri- 
implantitis models in min-pigs to study microbi-
ological changes [106].

4.6.6  Omics Analyses

Advances in molecular biology are progressively 
improving our understanding of complex biolog-
ical processes such as bone formation and osseo-
integration [172]. The main omics platforms that 
have been employed to study bone tissue are tran-
scriptomics, proteomics, and epigenomics. 
Omics technologies can be applied to biological 
fluids and bone samples, though protein 
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 extraction from bone specimens is still consid-
ered a challenging task [173, 174]. Genomic 
analyses comprise the conventional reverse tran-
scription polymerase chain reaction (PCR) to 
detect the expression of specific genes and the 
more complex microarray analyses and whole 
genome sequencing. Moreover, in recent years 
epigenetic changes in gene expression that do not 
imply a modification in nucleotide sequence have 
attracted significant attention. These involve 
DNA methylation and histone modifications that 
modulate gene transcription and mRNA regula-
tion by noncoding RNAs (ncRNAs) called 
microRNAs (miRNAs). The available knowledge 
on epigenetics related to implant dentistry is 
weak. Future studies are warranted to identify 
which implant surface features can upregulate or 
downregulate genes related to osseointegration or 
how different systemic conditions can impact 
osseointegration via epigenetic modifications.

The study of the proteome complements the 
study of the genome. While the genome of each 
individual is constant, the proteome varies and is 
dynamic. The goal of proteomics is, therefore, to 
analyze the varying proteomes of an organism at 
different time points in order to highlight differ-
ences between them and signaling pathways dif-
ferentially expressed. While traditional ELISA, 
Western blot, or immunofluorescence analyses 
only focus on specific antibodies and do not 
allow to gain a wide picture of how different bio-
molecules interact, and crosstalk, two- 
dimensional gel electrophoresis followed by 
mass spectrometry and the more recent shotgun 
gun proteomics can be successfully employed to 
identify the proteome expressed during complex 
biological processes such as bone regeneration 
and osseointegration.

All omics technologies require the support of 
bioinformatic tools to interpret the large amount 
of data obtained and identify the signaling path-
ways differently regulated.

In the future, the identification of genes and 
proteins that play a key role during the establish-
ment of osseointegration will be of particular 
importance as they could be targeted with the aim 
of shortening the healing time around implants 

and to increase the clinical outcomes in patients 
with local or systemic conditions impairing bone 
metabolism [172, 175].

4.7  Recommendations 
and Conclusion

The selection of a suitable animal and experi-
mental model largely depends on whether its ana-
tomical and physiological characteristics are 
close enough to human ones and meet the spe-
cific research demands [5]. Small animal models 
are suitable for basic screening and concept eval-
uation, but larger animals are more suitable in 
cases where the focus of the study is the evolu-
tion of a surgical technique or the evaluation of a 
new biomaterial performance in terms of biome-
chanical properties or healing response because 
of their anatomical and physiological proximity 
to humans and their useful size [3, 5, 176].

Swine is a reliable preclinical research model 
in the area of implant dentistry due to its similar 
physical, anatomical, and biological characteris-
tics to humans. Its physiological functions and 
bone metabolism are extensively documented 
and the closest to humans with the exception of 
nonhuman primates. Mini-pigs are particularly 
suitable for long-term studies because of their 
convenient size, ease of handling, relatively low 
cost, and their availability. Therefore, they repre-
sent the animal model of choice to implement 
experimental models on implant osseointegration 
and bone regeneration. Intraoral mini-pig models 
are the most clinically relevant to evaluate the 
effect of various surface treatments and implant 
placement protocols on osseointegration out-
comes and for the repair and regeneration of peri- 
implant defects using various grafting materials 
and techniques.

In conclusion, swine provides a preclinical 
model allowing various translational research 
considerations in different clinical indications in 
implant dentistry. At the same time provides an 
animal experimental platform fully compatible 
with the 3Rs principles (replacement, reduction, 
and refinement).
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5Preclinical Studies Design 
in the Canine Model

Ivan Darby, Wayne Fitzgerald, Helen Davies, 
and Stephen Chen

5.1  Introduction

The canine model has been widely used for pre-
clinical studies in dental implantology and 
related tissue regeneration since the 1970s [1, 
2]. It is a widely available and important model 
and has had broad applications for research in 
this field.

5.2  Experimental Animal Model

5.2.1  The Canine

An experimental model should, as closely as pos-
sible, mimic the anatomy, inflammatory 
responses and healing of the human. In this 
regard, the canine model fits most requirements, 
as these dental definitions demonstrate:

Brachydont. Teeth do not continually erupt and 
have well-formed roots with closed apices 

(c.f. hypsodont as in the herbivores such as the 
horse).

Isognathic. Jaws of a similar size.
Heterodont. Different forms: Incisors, canines, 

premolars and molars.
Diphyodont. Temporary and permanent 

dentitions.

The study design often requires detail such as 
histopathology at the level of the bone-implant 
interface and thus requires sacrifice of the study 
model. In these cases, both medical and humane 
care of the dog patient is mandatory and under-
stood. The source and the ongoing care of the 
study animals are of concern to the ethics com-
mittees, the researchers as well as the general 
public.

The canine model is accessible and does not 
provide handling or husbandry obstacles. 
However, there are social and emotive argu-
ments against their use since they are sentient 
companion animals. The issue of professional 
and animal ethics should be addressed at the ini-
tial study design stage and are of paramount 
consideration. The most common breed for den-
tal implant and regenerative studies is the Beagle 
[3–6], with other breeds such as the Labrador 
[7, 8], American Fox Hound [9] and Greyhound 
[10] also used. Mongrels [11] have also been 
utilized. There is no need to genetically modify 
the canine ‘model’.
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5.2.2  General Use in Medical 
Devices Research

The canine model has been widely used in medical 
research, in diverse fields such as cancer research 
[12], bone tissue engineering and regenerative 
medicine [13], orthopedic research [14] and car-
diovascular research [15]. The most relevant of 
these to dental implantology are in the fields of 
bone biology, bone tissue engineering and ortho-
pedics. There are obvious differences in the size 
and morphological characteristics of canine bones 
compared to humans, which varies depending 
upon the breed and size of the dog. There are also 
microstructural differences, with human bone 
comprised of secondary osteons (and their associ-
ated central vascular structures) with cement lines 
between adjacent lamellae, compared to canine 
bone which has a mixed microstructure compris-
ing secondary osteonal structures and laminar 
bone. Additionally, the mineral density of canine 
bone is higher than that of human bone [16]. 
Notwithstanding these differences, it has been 
reported that canine bone most closely resembles 
human bone when comparison are made with 
other species [17]. It has also been reported that 
bone regeneration and bone remodeling has a 
higher rate in dogs compared to humans [18].

5.2.3  Financial Considerations

The canine model is readily available, inexpen-
sive to house and easy to care for. Animals are 
available from specialized breeders or unwanted 
strays to be put down. Recent changes in public 
opinion have reduced the availability of suitable 
canines for research, thus increasing costs.

5.3  Surgical Anatomy 
and Surgical Procedures 
for Implant Dentistry

5.3.1  Surgical Locations

5.3.1.1  Extraoral
Extraoral considerations are of little relevance to 
research in dental implantology, other than with 

respect to analgesia. In veterinary medicine, the 
distal mandibular nerve block (of the inferior 
alveolar nerve as it enters the mandibular canal’s 
distal foramen) is most frequently accessed exter-
nally. In the dog, the site of the injection involves 
placing the drug over the mandibular foramen 
using all or some of these landmarks:

 – Halfway along a line between the angular pro-
cess of the mandible and the last molar tooth 
(M3 or tooth #311 or 411). The injection site 
is the medial (or lingual) aspect of the mandi-
ble; and/or

 – Using the mandible’s distal ventral notch as a 
landmark (present in the dog’s mandible), 
place the needle at its mid-curvature, to a 
depth equal to half of the distance from the 
mandible’s ventral margin to the gingival edge 
of the first molar (tooth #309 or 409).

Either of these will place the needle in the 
same area. As the injection is close to but not nec-
essarily onto the nerve itself, this involves the 
drug diffusing at the site to encompass the nerve 
and as such, the volume of agent is larger than it 
would be if placed in direct contact with the 
nerve.

In all cases, a fine needle no coarser than a 
25 g 5/8-in needle should be used. The technique 
is to always withdraw on the syringe before 
injecting the drug to ensure it has not been inad-
vertently placed intravenously or intra-arterially.

Intraoral
Although there is some breed variation, a dog’s 
mouth can open widely to effect grasping of prey 
and allowing penetration by the canine teeth. The 
small digastricus muscle is the main muscle 
responsible for opening the mouth, with the pow-
erful temporal and masseter muscles being the 
main closing muscles. There is some lateral 
excursion possible via the masseter and ptery-
goid muscles but this is not significant in the dog. 
This has implications for loading studies which 
attempt to create laterally directed rather than 
vertically directed forces on dental implants [19].

The maxillary bones that include the incisive 
bone that holds the incisor teeth and the maxil-
lary and palatine bones that hold the cheek teeth 
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are all significantly less dense than the 
mandible.

The evolution of the mammal allows for a 
total of 44 permanent teeth, with the dog having 
42 (Fig. 5.1) and the human 32. Notably, the dog 
has six incisors compared to the human’s four; 
they have the same number of canines (four, one 
in each quadrant). The dog has four premolars in 
both quadrants, all being two-rooted except for 
the maxillary fourth premolar that has three roots.

All of the dog’s mandibular teeth are two- 
rooted; there is more space in the maxilla and like 
the maxillary fourth premolar, the (two) upper 
molars are three-rooted.

The tooth structures are similar in that the 
crown is covered by enamel albeit thicker in the 
human; the greater mass of the tooth structure is 
dentine-containing dentinal tubules. Cementum 
covers the roots being the attachment for the peri-
odontal ligament attachment fibers. The roots in 
the canine are general larger than in the human 
and, in 2 or 3-rooted teeth, usually diverge form-
ing significant mechanical attachment to the 
alveolar bone.

The apex of the canine’s tooth usually has 
multiple canals, up to 60 that form a ‘delta’, and 
lateral canals are not unusual. This has significant 
implications with endodontic procedures.

The eruption of a dog’s permanent dentition is 
usually complete by 6 months of age but com-
plete apexogenesis takes more than another 
6 months or so. There are breed and individual 
variations in this timing.

The dog’s “cheek” teeth (premolars and 
molars) should interdigitate (forming a pinking 
shear arrangement) but this has significant varia-
tion considering the malocclusion breeds such as 
in the brachycephalics. The dog’s mandibular 
teeth lie inside the maxillary arcade allowing for 
a scissor or cutting effect supported by the form 
of the dental crowns.

The massive root-to-crown ratio suggests that 
these teeth can be a challenge to extract and this 
affects the instrumentation and techniques used 
in their extraction.

The choice between maxilla or mandible is 
decided in large by the nature of the study.

The most common site are the mandibular 
premolars and molars. All of the mandibular pre-
molar teeth in the dog have two roots, usually of 
regular divergence but significantly longer than 
seen in the human because of the higher loads 
placed upon them. The dog has four premolars, 
the second and third are most commonly selected 
for involvement in studies. The mandibular first 
molar is a large and significant tooth, being a 
‘carnassial tooth’ a term that describes its func-
tion for crushing bone/food material and cutting 
soft tissue. The opposing carnassial tooth in the 
maxilla is the fourth premolar but this tooth is 
three-rooted, as are the maxillary molars.

Fig. 5.1 Tooth numbers of the canine dentition
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As the dog has six upper and lower incisor 
teeth, the single-rooted, straight second incisor 
may be selected, as the central incisors lie adja-
cent to the mandibular symphysis or the maxil-
lary fissure/suture-line. The third maxillary 
incisor is a large tooth with a significant curve 
and is unlike any human tooth, and therefore not 
a suitable site. As the dog has six upper and lower 
incisor teeth, the single-rooted, straight second 
incisor may be selected, as the central incisors lie 
adjacent to the mandibular symphysis or the 
maxillary fissure/suture-line. The third maxillary 
incisor is a large tooth with a significant curve 
and is unlike any human tooth, and therefore not 
a suitable site.

5.3.2  Surgical Procedures

5.3.2.1  Extraoral
Extraoral locations are generally not used in the 
canine model. They would include lower border 
of mandible and calvarium.

5.3.2.2  Intraoral
The ethics committees are provided with a 
detailed plan of the proposed study, the reasons 
for it and expected outcomes as well as details of 
the procedural and technical plan. The surgical 
procedures are performed under general anesthe-
sia as per other routine surgeries; analgesia is 
always provided independently of the anesthesia 
allowing for a minimal depth of anesthesia and 
hence minimizing risk to the animal.

Examination/Recordkeeping/Sedation
All dogs should be well-socialized and clinically 
examined to ensure good health prior to the com-
mencement of the study. Premedication using 
acepromazine (ACP) administered a half hour 
prior to induction is recommended. The purpose 
of the premedication is to smooth both induction 
and recovery. ACP is a psychotropic drug that 
acts to calm down the animal and smooth out the 
induction and recovery. All findings and medica-
tions should be recorded on a standard anesthetic 
chart throughout the procedures.

Anesthetic Protocol
The administration of perioperative fluids and 
administration of the induction agent is via a 22 g 
I/V catheter placed into a foreleg cephalic vein; 
the anesthetic agent is also introduced through 
this catheter, usually as a slow full bolus. 
Alfaxalone at 2  mg/kg is the most commonly 
used induction agent; induction with this drug is 
expected to be smooth and uneventful, without 
cardiac or respiratory depression. Alfaxalone has 
only a brief duration of effect but allows intuba-
tion and a smooth transition to gaseous anesthe-
sia. A cuffed endotracheal tube allows a secure 
connection to the gaseous anesthetic machine 
and isolation of the oral cavity from the respira-
tory system; oxygen is delivered at two liters/
min. Once the tube cuff is inflated, isoflurane is 
delivered initially at 2% concentration; mainte-
nance is usually satisfactory at 1–1.5% concen-
tration due to the effective analgesia provided. 
Anesthetic delivery in these dogs, of about 
30–35 kg, is via a semi-circle rebreathing system 
with an out-of-circle vaporizer.

Isotonic saline fluids are delivered I/V via the 
cephalic catheter up to 300 ml/h; approximating 
surgical rates (10 × body weight). The anesthetic 
is monitored using an automatic monitoring sys-
tem (Cardell) but supported manually by a dedi-
cated assistant  as well; readings of mean, systolic 
and diastolic blood pressures, oxygen saturation 
(%SPO2), pulse and respiratory rates are recorded 
every 5 min.

Analgesia
Preemptive analgesia is provided via an appropri-
ate nerve block, usually using plain lignocaine. In 
routine veterinary oral procedures, as these stud-
ies generally are, it is not beneficial to the dog to 
be allowed to recover with a locally anesthetized 
muzzle or tongue. Their lack of appreciation of 
the local analgesia or of the hypersensitive phase 
that occurs as the local analgesia wears off has 
been recorded as a cause of self-trauma, espe-
cially to the tongue, as a bilateral block of the 
inferior alveolar nerve may inadvertently also 
include the lingual nerve. The problems with 
bupivacaine are twofold: firstly, the long time 
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after application to effect (in the order of half an 
hour) and the duration of effect (in the order of 
5–6 h). This can be compared with plain ligno-
caine which may take 10 min to effect and lasts 
for 1–2 h. Of course, these timings are not only 
dose-dependent but also dependent on local 
 tissue diffusion. Considering these pharmacolog-
ical differences, lignocaine is the most common 
agent used in routine veterinary dentistry.

Peri and/or postsurgical analgesia can be pro-
vided by an opioid or a nonsteroidal analgesic 
(NSAID). Carprofen or Meloxicam are com-
monly used NSAIDs in veterinary medicine 
being administered subcutaneously for postre-
covery analgesia, and this ensures at least 24 h of 
effective analgesia in the dog. Oral supplemen-
tary administration can be used for longer post-
surgical analgesia.

Distal maxillary (intraorally administered) or 
distal mandibular blocks (administered extra-
orally) are used routinely but the infraorbital 
block may be used if only the rostral maxilla is 
involved.

Drug list:

 – Acepromazine (ACP).
 – Alfaxalone.
 – Isoflurane.
 – Lignocaine.
 – Carprofen or Meloxicam.

Follow-Up and Termination
In experiments that require the dogs to be main-
tained for a length of time, they should be housed 
in runs with appropriate daily social interaction 
and exercised daily on the lead and allowed free 
exercise in runs with playthings such as water 
baths, rubber balls, and so on. In general softened 
food is provided for the first week, although the 
surfaces over the extracted teeth have generally 
healed uneventfully well within that time. 
Gingival and tooth/implant cleaning with dilute 
chlorhexidine solution and tooth brushing with 
appropriate chicken or beef flavored toothpaste is 
applied daily as required. Where investigation of 
tissue reactions to implant placement is a neces-
sary end-point, the dogs are euthanized. This is 

done by the normal handlers within the dog’s 
familiar housing in order to minimize any stress 
to the animals. An intravenous overdose of phe-
nobarbitone (20  ml Lethobarb, Valobarb for a 
30–35  kg dog) is administered through the 
cephalic vein with a 21 gauge needle. Care is 
taken that the needle is cleanly within the vein 
before administration of the euthanasia solution 
as it is very irritant if allowed to enter the tissues 
around the vein.

5.3.2.3  Surgical Step-by-Step
Two areas have primarily been used in the canine, 
the posterior mandible and, more recently, the 
anterior maxilla. Dental implant and regenerative 
investigations usually require the extraction of 
teeth as a precursor to the experimental 
procedure.

General Principles
It is a requirement that the teeth are extracted 
with minimal trauma to the alveoli and that the 
extracted teeth are delivered completely without 
leaving root fragments behind. This is the chal-
lenge to the operator as extraction of a pathologi-
cally affected tooth would normally be a surgical 
procedure. A mucogingival flap would be raised, 
some buccal bone removed using a high-speed 
carbide bur and the furcation (in two or three- 
rooted teeth) identified so that the tooth can be 
sectioned into its individual root segments that 
are then extracted individually. However, for den-
tal implant trials, it is usually a requirement that 
the teeth are removed, leaving intact alveoli.

Following an appropriate nerve block and an 
intraoral radiograph to determine any root anom-
alies, a fine luxator is inserted into either the 
mesial or distal periodontal space. The instru-
ment is then carefully but firmly rotated in order 
to detect resistance that would be expected if the 
instrument is correctly positioned. This force is 
held isometrically for a period of about 10 s. The 
aim is to stretch and then fatigue the periodontal 
ligament allowing some tearing of its fibers and 
consequent bleeding to occur. At this time, it is 
unlikely that any noticeable movement or prog-
ress will be observed. The instrument is then 
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placed into the opposite (mesial or distal) peri-
odontal space and the process is repeated.

It is recommended that an inward-curved lux-
ator is used for this initial procedure. This is 
because the curved tip tends to enter and follow the 
periodontal ligament space quite well. A heavier or 
straight instrument is less likely to do this.

The above luxation procedure is repeated; it 
might be noted that the instrument penetrates into 
the PD space further each time. It is important to 
not rush this or apply excessive force, as the 
likely result will be either instrument or bone 
damage or fracture of the tooth’s crown or root.

If/when the luxator becomes too small, a 
larger instrument is selected and the procedure 
continued. Eventually, some movement will be 
detected, but the luxation procedure should be 
persisted with until the movement is significant. 
At this time, elevator forceps may be used to 
attempt a ‘corking’ force: the jaws of the instru-
ment are placed onto the tooth at the level of the 
cementoenamel junction, being careful not to 
crush the tooth, and a rotational force applied, 
firstly in one direction and then held for 10 s, then 
the other direction and again, held.

The aim is to further fatigue the remaining PD 
ligament fibers, allowing further tearing and bleed-
ing of the fibers. If extraction does not occur, then 
again the luxator instrument is used to further 
effect. Once delivered, the tooth is examined for 
an intact apex, however, a postsurgical intraoral 
radiograph is taken to confirm the desired result.

Mandible
Commonly all premolars and first carnassial 
teeth are extracted which provides space for up to 
four implants (Fig. 5.2). Space is limited by the 

distal extension of the root of the canine tooth 
and the positions of the mental foramina. 
Generally, the soft tissue around the teeth is ele-
vated and the teeth sectioned to facilitate their 
removal.

When the protocol calls for extraction without 
flap elevation, intracrevicular incisions need to be 
made beforehand to free the marginal gingivae 
from the teeth. Careful inspection and probing 
are required to identify the location of the furca-
tion entrance. Separation of the tooth into indi-
vidual roots should be performed from the crown 
to the furcation (not the reverse) before luxation 
is started. As described previously, luxators and 
elevators are used in mesodistal movement, fol-
lowed by removal with dental forceps (Fig. 5.3). 
Extraction of the more posterior teeth, especially 
the first carnassial, is very difficult. Bone removal 
is not undertaken. Healing is often characterized 
by a narrow zone of keratinized tissue and narrow 
ridges(Fig. 5.4).

In study designs that require a single root 
socket, one-half of the hemisected premolar (usu-
ally the mesial) may be retained. It is necessary to 
perform endodontic treatment on the retained 

Fig. 5.2 Buccal view of right mandibular premolars and 
first molar in the dog. From right to left—second premolar 
(or #406), third premolar (#407), fourth premolar (#408) 
and first molar (#409)

Fig. 5.3 Extracted premolars and first molar. Note that 
the double rooted second, third and fourth premolars, as 
well as the first molar have been divided into 2 prior to 
extraction. The first premolar has a single root

Fig. 5.4 Buccal view of the right mandible 2 months 
after extraction of premolars and first molar teeth
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root and to provide an effective coronal seal with 
an appropriate restorative material. Incomplete 
root canal obturation may lead to peri-apical 
infection affecting the proposed implant sites.

Postextraction healing of 2–4 months has typi-
cally been used prior to the insertion of implants 
into the mandibular jaw, either with a submerged 
or transmucosal technique (Fig. 5.5). The height 
of the ridge is limited by the position of the infe-
rior alveolar nerve. Reduced diameter and short 
implants are placed following standard protocols 
according to the implant manufacturer (Fig. 5.6). 
The breed of dog determines the ridge dimen-
sions and usefulness in implant studies. Patterns 
of resorption following extraction vary between 
breeds. Implant placement is usually submerged 
as chewing may dislodge healing abutments with 
transmucosal placement and interfere with osseo-
integration. Following integration, healing abut-
ments can be attached or peri-implantitis may be 
induced by applying ligatures to the integrated 
implants. Depending on breed and cooperation, 
plaque removal by standard oral hygiene meth-

ods and/or chlorhexidine is possible each day 
(procedure described previously). This greatly 
facilitates healing and is representative of the 
postoperative care in humans.

Anterior Maxilla
Extraction of the second incisor in the maxilla 
provides a socket that is similar to a small human 
single-rooted extraction socket and is more repre-
sentative of healing in the anterior maxilla in 
humans than the posterior mandible (Figs.  5.7 
and 5.8). Infraorbital blocks and local infiltra-
tions are used to gain analgesia. Utilizing simple 
extraction techniques, the second incisors are 
extracted using luxators, elevators and forceps to 
deliver the whole tooth (Fig. 5.9). Careful extrac-
tion and good technique will prevent damage to 
the thin buccal plate. The extraction of incisor 
teeth is not as difficult as the mandibular poste-

Fig. 5.6 Four dental implants have been placed follow-
ing flattening of the ridge crest and creation of experimen-
tal buccal defects

Fig. 5.7 Occlusal view of the six maxillary incisors in a 
dog. From left to right, the teeth are #103. #102, #101, 
#201, #202 and #203. The right and left second incisors 
are teeth #102 and #202 respectively

Fig. 5.5 Intraoperative view following elevation of full 
thickness mucoperiosteal flaps at the buccal and lingual 
aspects of the alveolar ridge

Fig. 5.8 Occlusal view following extraction of the right 
and left second incisors (#102 and #202). The teeth were 
extracted following intracrevicular incisions to release the 
gingival attachment from the teeth. The teeth were 
extracted by careful luxation and without elevation of sur-
gical flaps
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Fig. 5.9 The second maxillary incisors are following 
extraction. They are dimensionally similar to small lateral 
incisors in humans

Fig. 5.10 The second maxillary incisor socket may be 
utilised for immediate implant placement studies. Here a 
reduced diameter implant (3.3  mm bone level Roxolid 
Bone Level implant; Straumann AG, Basel, Switzerland) 
has been inserted. Note the marginal gap on the buccal 
aspect of approximately 2 mm which is similar to the mar-
ginal gap following immediate implants placed into max-
illary incisor sites in humans

Fig. 5.11 The residual defect on the buccal aspect of the 
implant has been grafted with particulate bovine bone 
mineral (BioOss, Geistlich Pharma, Switzerland) to test 
the efficacy of the material in this indication

Fig. 5.12 The right second incisor socket has been 
grafted with bovine bone mineral (BioOss Collagen; 
Geistlich Pharma, Wolhusen, Switzerland) to test the effi-
cacy of ridge preservation procedures utilising this 
biomaterial

rior teeth. The other incisor teeth are left in place 
to protect the site and composite resin bridges 
between the first and third incisors have been 
used to provide further protection [20]. The sec-
ond incisors have curved roots pointing posteri-
orly and distally and need to be removed along 
this path.

Implant placement can be immediate (type 1) 
placement [10] (Figs.  5.10 and 5.11) or after 
6–8 weeks of healing according to early implant 
placement (type 2) protocol. These time frames 
represent those used in humans. Ridge dimen-

sions at 6–8  weeks still allow implants to be 
placed. Short and reduced-diameter implants are 
placed, such as 8 mm in length. Longer implants 
may perforate the cortical plate or nasal floor. 
The angulation of implants in socket follows that 
of the roots, posteriorly and distally. Incorrect 
alignment may result in damage to the neighbor-
ing teeth. Ridge preservation studies using stan-
dard bone graft materials and membranes to fill 
and cover the socket can easily be undertaken 
[21] (Figs. 5.12 and 5.13). Elevation of the soft 
tissue is possible to allow grafting procedures 
and coronal advancement to submerge implants, 
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Fig. 5.13 The graft within the socket has been covered 
with a resorbable collagen membrane (Mucograft Seal: 
Geistlich Pharma, Wolhusen, Switzerland) to promote 
soft tissue healing

Fig. 5.14 Following 3 months of healing, the soft tissues 
have healed with complete regeneration and gingival cov-
erage of the graft

but elevation beyond the mucogingival junction 
can result in degloving of the anterior maxilla 
once the dog recovers and starts to bite and chew 
again. Healing protocols with immediate implant 
placement may include nonsubmerged, partially 
or semi-submerged, and fully submerged healing 
(Fig. 5.14). To facilitate soft tissue closure over 
the sockets, resorbable membranes may be use.

Buccal dehiscence defects can be created with 
surgical instruments or burs, creating a situation 
similar to that in the anterior maxilla in humans. 
These can be grafted, covered with a membrane 
and submerged with delayed implant placement. 
Again, chewing can dislodge healing abutments 
and interfere with integration. Depending on 

breed and cooperation, daily plaque removal by 
standard oral hygiene methods and/or chlorhexi-
dine is possible.

Recommendations
Both models have their advantages and disadvan-
tages. The posterior mandible provides a very 
representative model for use in preclinical 
implant research. It is suited for analysis of 
osseointegration, the effect of implant design and 
surface treatments on integration, simultaneous 
or staged augmentation with or without defects, 
bone regeneration, such as removal of the buccal 
wall, implant loading, orthodontic loading, bio-
functional research, ridge preservation, soft tis-
sue healing around implants, and peri-implantitis 
studies. It is, however, not representative of 
socket healing in the anterior maxilla in humans. 
The second incisor extraction socket model in the 
maxilla provides a better extraction socket model 
and can be used for ridge preservation, socket 
healing studies, bone regeneration, and immedi-
ate and/or delayed implant placement with or 
without grafting.

5.4  Investigative Methods 
of Evaluation

There have been a wide variety of investigations 
performed in the canine model. Initially, the 
majority of studies investigated the osseointegra-
tion of titanium implants into jawbone and the 
factors that might influence this process. Studies 
of osseointegration also investigated the influ-
ence of dental implant surface topography [22, 
23], coating materials and bioactive molecules 
incorporated in or applied to the implant surface 
[24]. Tissue and histomorphometric analyses 
have usually been undertaken on undecalcified 
sections created by the cutting/grinding process 
and light microscopy [25] (Fig. 5.15).

Flurochrome labeling of bone, polarized light 
microscopy, scanning electron microscopy and 
microCT have also been employed as analytical 
tools. Resonance frequency analysis has been 
used as an indirect measure of osseointegration. 
The most common oral sites for studies of osseo-
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Fig. 5.15 Histomorphometric analysis is the most com-
mon evaluation undertaken for preclinical studies in den-
tal implantology utilising the canine model. 
Non-decalcified sections are prepared by the cutting and 
grinding technique [25] followed by staining with Paragon 
(toludine blue and basic fuchsine). This image illustrates a 
dental implant placed immediately into the maxillary sec-
ond incisor socket and grafted with a biomaterial

Fig. 5.16 Intraoral radiograph for implants placed into 
the posterior mandible. Intraoral radiography is useful for 
evaluating changes in crestal bone position around dental 
implants

integration have been the mandibular premolar 
and first molar regions. Postextraction healing of 
2–4 months has typically been used prior to the 
insertion of implants into the mandibular jaw, 
either with a submerged or transmucosal tech-
nique [3, 5, 7, 8, 26, 27].

5.4.1  Intraoral Radiography

Intraoral radiography is an invaluable diagnostic 
and investigative tool. Diagnostic radiographs 
will demonstrate the local anatomy that includes 
the alveolar bone, the periodontal ligament space, 
the dentine and enamel, and also the crown-root 
ratio and the shape of the root/s can be 
determined.

The dog has a flat palate, unlike the vaulted 
palate in humans and as such, the parallel tech-
nique for taking intraoral radiographs is not pos-

sible for maxillary teeth. In fact the only position 
that parallel technique is possible in the dog is for 
the distal mandible (molar and distal premolar 
teeth). In all other areas, the bisecting angle tech-
nique is used.

Presurgical radiographs are taken to document 
the individual’s anatomy, as variations from ‘nor-
mal’ are not uncommon: ankylosis (of the PD 
ligament), root dilacerations and even supernu-
merary or twinning of roots can be encountered. 
The radiographs are repeated postextraction and 
after the placement of the implant (Fig. 5.16).

In veterinary dentistry, the hand-held mobile 
dental X-ray machine is more common than the 
wall-mounted units; likewise, the use of film and 
wet chemistry has largely been replaced by digi-
tal technology.

5.5  Flagship Results

The canine model has a long history of use in 
implant research.

5.5.1  Socket Healing

Socket healing studies include two classic papers 
by Cardaropoli and co-workers [28] and Araujo 
and Lindhe [29]. Cardaropoli et al. sequentially 
extracted teeth and followed the healing of the 
sockets over 180  days, providing the first really 
detailed evidence of the changes in the socket 
walls and stages of healing with the blood clot, 
granulation tissue, woven and lamellar bone. 
Araujo and Lindhe [29] investigated the healing of 
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the lingual and buccal sockets walls following 
extraction reporting the greater loss of the buccal 
plate. They attributed this to the greater proportion 
of bundle bone in the buccal wall, which is a tooth-
derived structure. This seminal paper has changed 
the way implant dentistry is undertaken.

5.5.2  Implant Loading

Heitz-Mayfield et  al. [19] studied the effect of 
occlusal overload on integrated implants placed 
in the posterior mandible. Crowns were placed 
such that they occluded with the opposing natural 
teeth and received substantial loading. They 
showed that axial overloading of the implant did 
not affect the integration.

5.5.3  Biologic Width at Implants

The effect of implant design on the biologic 
width was reported by Hermann and coworkers 
in their classic paper [30]. In the posterior man-
dible they placed six different implant designs, 
both submerged and nonsubmerged, above, at, or 
below bone level to determine the effect of the 
position of the rough/smooth border or implant/
abutment interface on the peri-implant soft tis-
sues. Two-piece implant designs resulted in more 
apical bone levels.

5.5.4  Guided Bone Regeneration 
(GBR)

Schenk et  al. [31] investigated the healing of 
bone produced by guided bone regeneration in 
the posterior mandible [31]. After extracting the 
posterior teeth, they created a series of defects 
which were then covered by membranes. 
Histologic evaluation showed the new bone 
occurred in similar stages to that of normal bone 
growth and deposition.

5.5.5  Peri-implantitis

Two studies from Gothenberg compared the peri-
odontal and peri-implant tissues following plaque 

buildup. The first [32] showed that peri-implant 
mucosa reacts similarly to gingival tissues. The 
second [33] reported greater clinical and radio-
graphic destruction in the peri-implant tissues 
compared to the periodontal tissues following 
induction of peri-implantitis, that the soft tissue 
inflammatory infiltrate was bigger around 
implants, and lastly, that the peri-implant inflam-
matory lesion extended into the bone where the 
periodontal lesion did not.

5.5.6  Immediate Implants

The use of the anterior maxilla has provided a 
leap forward as it closely resembles that of 
humans and our group has been instrumental in 
its development. Immediate implant placement in 
the anterior maxilla was reported by Mellati et al. 
[10]. The effect of submerged versus nonsub-
merged healing was compared around implants 
placed in fresh extraction sockets and grafted 
with deproteinized bovine bone mineral and a 
collagen membrane with coronal advancement of 
the soft tissue to submerge half the implants. The 
histological analysis showed no difference 
between the two groups.

5.5.7  Bone Healing Around 
Implants

By adding a circumferential trough in the prepa-
ration of the implant, Berglundh et  al. [34] 
added an experiemental chamber for the study 
of early wound healing. Using 160 implants 
placed in 20 dogs they showed using very clear 
histology the stages of implant healing from 
coagulum to lamellar and then woven bone. 
They also showed the remodeling of bone lat-
eral to the threads.

5.5.8  Alveolar Ridge Preservation

The mandible has been the most commonly used 
area for ridge preservation studies with a mix of 
second, third, fourth premolars and first molars 
selected. Classically these teeth are sectioned and 
one root is used as the test site, usually the distal 

5 Preclinical Studies Design in the Canine Model



94

root. Control sites, usually the mesial root, are 
either the healing socket of the extracted second 
root or the second root left in situ, which should 
be root canal treated.

The use of the maxillary second incisor pro-
vides a healing socket more similar to a human 
socket. Raveendiran et  al. [21] analyzed the 
socket dimensions of maxillary second incisors 
with natural healing or ridge preservation using 
histomorphometric measurements, CBCT and 
superimposition of 3D scanned models. They 
clearly showed less horizontal resorption at the 
crestal mid-buccal in the ridge preserved sites.

In both models, grafting of the sockets pro-
vided greater ridge dimension, but did not pre-
vent the resorption of the buccal wall 
completely.

5.6  Conclusions

The canine is a versatile preclinical model for 
studies on postextraction healing, dental implan-
tology and related tissue regeneration. It contin-
ues to be an important model for research in these 
fields.
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6Preclinical Studies Design 
and Place of Ovine and Caprine

Stefan Stübinger and Brigitte von Rechenberg

6.1  Experimental Animal Model

6.1.1  Animal Species and Animal 
Model

For preclinical studies of dental implantology, 
one has to clearly ask the appropriate question 
before deciding on an animal model and or spe-
cies. What exactly needs to be tested—and in 
which order? Is the same animal model appropri-
ate for each of these questions, or do we need 
separate and different animal studies to answer 
questions in an adequate fashion.

As a general rule, small animal rodents do not 
qualify to be used as animal models in dental 
implantology simply due to size. Rabbits could 
be used for testing biocompatibility alone but not 
for biomimetic substances since they produce 
bone at almost any stimulus. However, results 
often cannot be repeated in larger animals. In this 
case, sheep or goats would be more accurate. If 
weighing sheep against goats, one must consider 

that sheep are more robust, which is an advantage 
in long-term experiments. Goats are more sensi-
tive to diseases, especially slow virus infections 
that may be missed in an early stage. In addition, 
goats may prove to be difficult to live in a herd, 
since they attack each other quite frequently, 
being more individualistic than sheep.

Apart from size of implants other factors 
require similar decisions.

Let us take an example: a new dental implant 
has been developed, where a new implant design 
and implant material were chosen. In addition, 
the surface of the implant is specially coated with 
a bone-inducing agent that is expected to facili-
tate osseointegration of the new implant. With a 
new implant like this, at the end, safety, biocom-
patibility, efficacy, and functionality have to be 
assessed and proven to the regulatory 
authorities.

Each of these questions needs a different 
approach. While safety is the sum of all others, 
biocompatibility is related to the implant mate-
rial. Efficacy has to be proven for the bone- 
inducing agent, and functionality has to be shown 
with the final implant in situ, mimicking most 
accurately the clinical situation in humans before 
clinical trials (phase I–III) in humans can be 
initiated.

The most severe mistake often done in pre-
clinical research is that, mainly for cost reasons, 
all questions are jammed into one experiment. If 
too many questions are combined, usually, none 
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of the answers will be gained due to the complex 
situation of an in vivo experiment. In the case of 
dental implantology, several factors within the 
environment play a role. There is the mandibular 
or maxillary bone to consider, but also the sur-
rounding soft tissue and mucosa, the mechanism 
of teeth, resp. implant fixation and as a major fac-
tor the oral contamination with commensal bac-
teria. If the implant described above needs 
testing, the first step should be related to 
 biocompatibility. This should be done in an envi-
ronment without biomechanical or infectious 
stress. There, a pelvic model in sheep (see Sect. 
6.2.1) serves well. Osseointegration can be tested 
easily, such that bone–implant interface can be 
determined standardized without interferences. 
Furthermore, biomechanical tests can be per-
formed in the same sheep model. Lastly, bone- 
inducing substances can be tested in the same 
model, since results can be directly transferred to 
human beings. Once these questions are clarified, 
functionality can finally be tested in an oral cav-
ity model, possibly even in another species, such 
as mini-pigs.

6.1.2  General Use in Medical Device 
Research

Implants need to be tested in preclinical studies 
before they can be used in human beings. For 
this, regulatory affairs need to be respected for 
implant production (good manufacturing practice 
(GMP)) as well as for conducting the animal 
experiments under Good Laboratory Practice 
(GLP) conditions. Both are needed to get accred-
itation through the official regulatory authorities, 
such as the FDA in the United States, TÜV in 
Europe, or PMDA in Japan. For a long time, 
medical devices were required to be tested only 
after OECD guidelines. However, as of January 
1, 2018, medical devices also need to be tested in 
preclinical experiments according to GLP as 
pharmaceuticals. Only then, implants can be 
taken for clinical trials (phase I–III) according to 
Good Clinical Practice (GCP).

6.1.3  Financial Consideration

Financial considerations are often the basis of 
why too many questions are combined in one 
single animal experiment. However, saving 
money does not work, if no answers can be given 
at the end. A classic of this problematic approach 
is the role of mucosal membranes if new dental 
implants are to be tested in the oral cavity. If a 
new implant has to be tested for biocompatibility 
and the implant is tested directly in the oral cav-
ity, in case of failure, it is impossible to draw 
valid conclusions. If they fail and become loose—
is it because implants are not biocompatible or 
because contamination with commensurate bac-
teria leads to infection, ultimately leading to 
implant loosening? Or worse, in many cases, 
membranes to protect the alveolar bed from the 
ingrowth of fibrous tissue are added as well with-
out having been separately tested. At the end of 
the day, all costs were for nothing. Therefore, 
costs should never be at the forefront of study 
design. Taking a solid step-by-step approach and 
answering one question at a time may seem to 
drive costs considerably in the beginning. But 
then, when clear answers were obtained, the costs 
were worthwhile in their effort.

6.2  Surgical Model

In oral and maxillofacial as well as in orthopedic 
surgery, there is an increasing demand for reli-
able animal models to resemble human bone 
remodeling and biomechanics. In this respect, the 
number of skeletally mature female sheep 
included in animal trials for dental implantology 
and orthopedic problems is becoming more and 
more popular [1].

Generally, animal models provide substantial 
data for three fundamental issues of implant den-
tistry: appraisal of toxicity, assessment of bio-
compatibility, and refinement of implant material 
and design [2]. In each of these areas, different 
animal species are of special importance and 
offer decisive suitability for the later intended 
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clinical use. Yet beneath following the 3R 
(reduce, replace, refine) concept, it is also of piv-
otal importance for any experimental in vivo trial 
to have an economically valuable model offering 
adequate quantities and qualities of tissue exhib-
iting an approximation to the human situation.

According to international standards regard-
ing species suitability for testing implants in 
bone, rats, rabbits, dogs, mini-pigs, coats, and 
sheep represent important preclinical models. 
Although especially dogs and rabbits are one of 
the most frequently used models, they offer 
 certain drawbacks and constraints, e.g., signifi-
cant differences in bone composition, healing, 
and anatomy as well as ethical issues. In contrast, 
sheep are a reliable and suitable large animal 
model for bone research because of similar bone 
metabolism to humans, availability, animal cost, 
ease of handling/housing, and overall acceptabil-
ity to society [3]. Furthermore, for large animals 
like sheep and goats the International 
Organization for Standardization (ISO) recom-
mends dimensions of cylindrical implants of 
4  mm in diameter and 12  mm in length for 
implantation that ideally fit the general design of 
dental implants [4].

6.2.1  Surgical Locations

6.2.1.1  Extraoral
Sheep and goats are usually recruited for extra-
oral implantation experiments in implant den-
tistry. Vignoletti and coworkers [5] record that in 
71.4% of all goat and sheep studies which they 
included in their analysis, an extraoral location 
was chosen. The most common reasons for this 
choice are obviously surgical accessibility and 
available bone volume. Adult sheep have compa-
rable body weight, bone size, and bone healing 
potential to humans. Thus the transferability of 
any biological or functional results to humans 
exhibits a much more sound basis than in com-
parison to smaller species like mice or rabbits [6]. 
As sheep and goats show sufficient bone mass 
serial sampling and multiple experimental proce-
dures are possible. Thereby also a differentiation 
between endochondral and intramembranous 

bone remodeling in long bones, respectively, the 
skull is feasible.

According to the study of Aerssens and 
coworkers [7] about interspecies differences in 
bone composition, humans and sheep disclose 
some similarities in trabecular bone and less in 
cortical bone regarding ash, hydroxyproline, and 
extractable protein content.

In addition to these findings, Ravaglioli et al. 
[8] demonstrated that bone mineral composition 
does not strikingly differ between humans and 
sheep. Yet sheep exhibit an overall higher bone 
density (mass/volume) and consequently strength 
than humans. Nafei et al. [9] observed a density 
of 0.61  g/cm3 for sheep trabecular bone taken 
from the proximal tibia. Thus, in contrast to 
humans, the trabecular bone density is 1.5–2 
times higher [10]. However, such measurements 
and results from the literature have to be inter-
preted very critically. On the one hand, they 
account not for all anatomical sites in the same 
way, and on the other hand, also, age, season, and 
food have a vital influence [11, 12].

Interestingly, seasonal influences on sheep 
iliac crest biopsies exhibited the same trends: 
increasing bone mass in summer and decreasing 
bone mass in winter [13].

However, while differences in bone structure 
and composition between sheep and humans are 
often inconsistent in literature, one pivotal issue 
for choosing an extraoral implantation site in 
sheep is certainly the bone remodeling process. 
Several studies have proven that both trabecular 
and cortical endochondral bone remodeling of 
sheep are very similar to humans [1]. Yet for the 
sake of completeness, it has to be mentioned that 
there are also some reports in the literature that 
object to this statement. Objections include the 
fact that sheep possess less Haversian canals than 
humans and primarily show off a primary bone 
structure, whereas humans have a large compo-
nent of secondary bone at maturity [14].

In general, the characteristics of bone macro-, 
microstructure, and bone remodeling of sheep 
also apply to goats [15]. In this respect, a qualita-
tive evaluation of goat iliac crest bone revealed a 
well-defined trabecular structure, with a different 
orientation of the trabeculae in the center of the 
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iliac crest compared with the peripheral borders 
[16]. The trabecular network in the center of the 
goat’s iliac crest disclosed a rather porous archi-
tecture with a bone volume fraction substantially 
lower than in the goat femoral condyle. Hillier 
et  al. [17] demonstrated that the cortex of long 
bones in mature goats consists of both plexiform 
and Haversian bone tissue. Whereas near the 
periosteal surface, mainly pelxiform bone, with 
scattered areas of Haversian tissue could be seen, 
the endosteal surface disclosed a dense Haversian 
tissue.

Based on the described anatomical and histo-
logical findings nowadays in mostly either the 
pelvic bone or the tibia and femur are chosen for 
extraoral implant sites in sheep and goats. 
Especially, the pelvic bone of sheep offers suffi-
cient quantity and quality of cancellous as well as 
cortical bone distribution for a comparison with 
the human mandible according to the Lekholm 
and Zarb index [18]. The pelvic bone structures 
allow for a separate and distinct evaluation and 
analysis of the influence of characteristic implant 
features, e.g., implant macro design or implant 
surface modifications. In particular, the histologi-
cal interpretation of the Bone-to-Implant-Contact 
(BIC) can be meticulously analyzed with respect 
to trabecular bone or dense bone. In combination 
with an additional torque, push, or pull-out test, 
this approach provides a comprehensive biologi-
cal and biomechanical assessment. Also, a clear 
distinction and evaluation of a possible press-fit 
effect with marginal bone condensation and crack 
formation in cancellous or cortical bone is possi-
ble in sheep as well as in goats [19].

The sheep pelvis model allows the implanta-
tion of a relatively high number (up to n = 18) of 
implants in one animal. With the possibility to 
place implants of a length of up to 10 mm under 
aseptic conditions, the model is ideal for a direct 
comparison to the human situation with a clear 
focus on the osseointegration properties. A simi-
lar approach in the goat pelvic bones also offers 
the possibility of inserting up to n = 10 implants 
per animal.

In both models, the high number of compara-
ble test sites allows for a good standardization 
and reasonable statistical evaluation with very 

high statistical power. Furthermore, this animal 
model is recognized and accredited by regulatory 
authorities to test safety and biocompatibility, 
although the numbers if implants per pelvic site 
are limited to six implants each.

Yet the pelvic model also shows off one major 
drawback. Like with any extraoral implant site an 
analysis of peri-implant soft tissues structures or 
the biological width is not possible. Thus the vital 
influence of these important parameters on the 
initial bone healing phase or the long-term stabil-
ity cannot be assessed. Likewise, any microbio-
logical examinations or biofilm formation are 
excluded from this specific extraoral surgical 
location.

In contrast to the pelvic bone, the tibia or 
femur offers less comparable advantages with 
regard to cancellous and cortical bone distribu-
tion. Interpretation of data is often challenging 
due to the high amount of plexiform cortical bone 
histological and biomechanical. The central med-
ullary cavity even aggravates this situation, espe-
cially in the tibia of sheep and goats, where 
almost no trabecular area is present except at the 
proximal metaphysis. In the latter, even the tra-
becular bone is very dense and does not match 
well with the bone structure of the mandibula. An 
accidental bi-cortical placement of too long 
implants can produce misleading histological and 
biomechanical results. Also, in case of close 
vicinity, the opposite cortical bone often induces 
growth toward the apices of the implants and 
consequently fosters bone remodeling. 
Furthermore, the amount of cancellous bone in 
the femoral condyle is more compact and dense 
in comparison to the human mandible [20]. With 
four to six implant sites per limb also sample size 
is restricted and thus hamper standardization and 
statistical evaluation. Postoperatively, there is a 
possible risk for occasionally transient swollen 
knees due to edema or hematoma. However, the 
model is often chosen because of its uncompli-
cated surgical access with less muscular trauma.

Except for the pelvic bone or the tibia and 
femur there are only a few isolated studies in the 
literature that also tried a different extraoral loca-
tion in sheep or goats. Schopper et  al. [21] 
described a costal sheep model. Thereby ribs of 
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skeletally mature female sheep were exposed via 
a straight lateral approach of the right hemitho-
rax. Five implants per rib were spaced at least 
10  mm apart from each other. Although the 
authors did not report any severe problems by 
using this model, there are no further studies 
available to support the advantages of this model.

In conclusion, especially extraoral sheep mod-
els are increasingly used in many biomedical 
studies because of their similarity in bone remod-
eling, as well as for economic, and ethical rea-
sons. Both sheep and goats are valuable 
preclinical animal models that can be widely 
used in oral and craniofacial research.

Yet even though results derived from extraoral 
surgical sites in sheep and goats provide sound 
experimental data, the models must always be 
viewed with caution because of the differences 
between species, biomechanical loading situa-
tion, and missing vital intraoral soft tissue 
structures.

6.2.1.2  Intraoral
Sheep have their specific and intensive biome-
chanical chewing patterns inherent to their con-
stant ruminant activity. This makes tooth 
extractions seem highly questionable and need a 
profound ethical clearance. Nevertheless, there 
were some attempts to use sheep as a potential 
animal model for immediate implant placement 
in fresh extraction sockets. Whereas tooth extrac-
tion and implant placement techniques do not rel-
evantly different from mini-pigs, implant 
osseointegration is massively disturbed. 
Vlaminck and coauthors [22] report cumulative 
implant failure rates of 45.5%, 63.6%, and 77.3% 
at 30, 90, and 180 days. Due to this high failure 
rate, this procedure currently cannot be supported 
for implant research.

Another option is the naturally edentulous 
region between the canine and molars. This 
region can be used for either direct implant place-
ment or an augmentation procedure. Even though 
this area may work for some specific procedures, 
e.g. distraction osteogenesis [23], in many cases, 
this approach leads to adverse results. Likewise, 
attempts to resemble an atrophied alveolar ridge 
by surgical resection of the mandible caused 

postoperative complications. Mainly wound 
infection, severe sepsis, or even pathologic frac-
tures restricted any further utilization of this ana-
tomical site [24].

Other authors also supported the adverse 
effects of placing implants in the lower alveolar 
ridge. Gatti et  al. [25] reported a retarded and 
incomplete bone healing in the mandibular bone, 
albeit using transcutaneous access. After 4, 8, and 
even 12 months, the empty reference hole in this 
area disclosed an incomplete bone repair with 
only a little bone ingrowth into the defect.

In contrast, an approach to the mandibular 
ramus of sheep via cutaneous access from the 
posterior edge of the ramus revealed much more 
promising results with respect to wound healing 
and risk of infection [26]. Notwithstanding, it has 
to be mentioned that in this study, not a primary 
bone healing respectively, osseointegration, but 
the resorption rate of ultrasound-activated pins 
was evaluated. Huasong [27] and coworkers used 
similar access in goats. Again the mandibular 
angle was approached by an extraoral incision to 
insert two implants in the ramus region. For them, 
the wide variance of cortical thickness among 
different goats and/or locations compromised the 
global practicability of the model.

In contrast to the mandible and the maxilla, 
respectively, a lateral sinus elevation procedure 
apically of the roots of the upper molars is much 
more popular. On the one hand no tooth extrac-
tion is necessary, and on the other side, the 
enclosed cavity of the maxillary sinus is less 
prone to wound infection. Furthermore, sinus 
studies predominantly look for the behavior and 
healing of bone grafting materials in a predefined 
hollow space in the sinus. Thus, host bone com-
position and distribution not play the same 
important role as in implant osseointegration 
studies, as implants are finally placed into an 
augmented (mostly biomaterial) area. For this 
reason, there are also no specific clinical data 
available about the macro- or microstructure of 
maxillary bone. Generally, however, basic bone 
parameters, e.g. mineral composition, do not sig-
nificantly differ from extraoral sites.

One major experimental disadvantage of the 
approach to the maxillary sinus is that it requires 
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either an extraoral approach or a previous 
enlargement of the buccal vestibule. This access 
does not resemble the clinical situation in 
humans, where access to the sinus is performed 
from the oral cavity. The appearance and orienta-
tion of the sinus are a bit different from humans, 
even though some authors also report that sheep 
are a useful animal model because both the gen-
eral nasal anatomy and the paranasal sinus anat-
omy are similar to humans [28].

Clearly, profound differences exist at the 
intraoral anatomic, functional, and 
 microbiological levels between humans and 
sheep and goats. These differences must be criti-
cally assessed before extrapolating the results of 
a given study to the human clinical situation.

6.2.2  Surgical Procedures

From an ethical standpoint considering animal 
welfare and protection, sheep and goat are com-
monly well-accepted animal models. Surgery of 
the pelvis or femoral condyle does not interfere 
significantly with normal ambulation of the ani-
mals, and housing can be easily provided appro-
priate to the species and handling. As the resultant 
pain and stress for the animals are rather low, and 
the recovery time of the animals is relatively 
quick, both species become more and more rele-
vant for a qualitative and quantitative analysis of 
osseointegration.

For all extra and intraoral surgical interven-
tions in sheep and goats, general anesthesia with 
corresponding analgesia under sterile conditions 
is necessary. Generally, an experienced profes-
sional in veterinary anesthesia should conduct 
the anesthesia. Thereby full monitoring during 
the whole procedure with a combined systemic 
administration of analgesia and.

loco-regional anesthetic techniques is advis-
able. This approach by the authors has proven to 
be highly successful over several years in more 
than 7000 different orthopedic and maxillofacial 
surgical interventions in sheep.

6.2.2.1  Extraoral Description 
of the Procedures

Pelvic Bone
The pelvic sheep model was developed and intro-
duced by the authors to provide a similar remod-
eling rate, bone structure, and bone proportions 
to the human mandible. The surgical approach 
takes place in the following way.

Initially, sheep are placed in lateral recum-
bency with the pelvis slightly inclined (ca. 15%) 
toward the surgeon. An about 13–18  cm long 
curved skin incision is performed more or less 
parallel and in the middle of the iliac wing reach-
ing the acetabular region. The fascia is incised, 
and a blunt approach to the pelvis bone is per-
formed between the middle gluteal and the tensor 
fasciae latae muscle. With a scalpel, the deep and 
middle gluteal muscles are incised and carefully 
separated close to the iliac wing in the lower third 
of the muscle insertions at the iliac crest.

In stepwise approach, the gluteal muscles are 
retracted dorsally using appropriate retractors, 
and the iliac wing is exposed. The periosteum is 
incised and removed ventrally, resp. dorsally 
exposing the entire iliac crest. Then a customized 
aluminum template with up to nine drill hole 
markers is meticulously contoured to the linea 
glutea of the iliac wing, with the template end 
joining and being fixed with a clamp right at the 
insertion of the gluteal muscles. Depending on 
the overall amount of implants, drill holes are 
prepared. Generally, a maximum of n = 9 implants 
can be placed per wing. The implant positions are 
distributed on alternating sides along the linea 
glutea, with position 1 being the most caudal and 
position 9 being the most cranial in the iliac shaft. 
Care has to be taken that drill holes do not reach 
more caudal than the broad part of the iliac bone, 
since otherwise, fracture of the small part of the 
ileac bone proximal to the acetabulum will occur 
due to the brittle bone of the sheep (Fig. 6.1). In 
addition, drill holes have to be at 90° angle to the 
pelvic bone such that implants can be inserted 
into the deepest part of the ileac bone and do not 
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a b c

Fig. 6.1 (a) The template is placed on the linea glutea 
and drill holes have been prepared. (b) Implants are 
inserted and (c) caps have been placed on implants to 

avoid ingrowth. Note that implants were set at both sides 
of the linea glutea and were set relatively straight at 90° to 
the pelvic surface

Fig. 6.2 Radiograph of the dental implants in situ at sac-
rifice. Both ileal wings of the sheep were used

penetrate the trans-cortex (Fig. 6.2). After implant 
installation muscles are repositioned and the 
muscle insertions refixed with sutures to the orig-
inal insertion place. Fascia and subcutaneous 

skin are closed with resorbable sutures while the 
skin usually is closed with staples. Finally, a 
gauze is applied as protection.

In the hands of the authors, the insertion of 
implants into the top of the iliac crest, such that 
the implants are inserted parallel to the pelvic 
bone did not work out. The iliac crest maintains 
its cartilaginous structure up to the age of 
2–4 years, also in sheep and goats.

Postoperatively sheep should be kept in small 
boxes for 2 weeks and then transferred to larger 
stalls for the remaining time of the study.

By analogy with this approach, especially in 
goats but also some sheep, a slightly different 
access respectively implantation regime in the 
pelvic bone is outlined in the literature [29]. 
Schouten et al. described the course of action of 
their goat iliac crest model in the following way: 
Goats were immobilized in a ventral position. A 
transverse skin incision was made from the inter-
mediate zone of the iliac crest until the anterior 
superior iliac spine on both sides of the vertebral 
column. The incision also included the underly-
ing tissue layers down to the periosteum. The 
periosteum was undermined and lifted carefully 
aside to fully expose the iliac crest. By this 
approach and finally based on the anatomical 
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dimensions of the iliac crest, five up to a maxi-
mum of ten implants per goat are possible. The 
overall distance between implants is said to be 
4 mm.

Tibia and Femur
Depending on the amount of implants as well as 
the investigative methods, there are slightly dif-
ferent approaches to the tibia and femur. For 
access to the tibial proximal epiphysis Rodriguez 
et  al. [30] described the following approach. In 
their study, animals were positioned in lateral 
recumbency. Then a curved anterolateral incision 
was made over the stifle joint. A lateral parapatel-
lar incision of the capsula articularis and the alar 
ligament was also performed. In the following, 
an area of a few centimeters of the vastus lateralis 
of the quadriceps was dissected in the proximal 
direction to completely expose the external sur-
face of the metaphysis of the femur. Beneath the 
patellae, a rectangular area was exposed for 
implant installation. This area allowed for the 
insertion of three to five implants.

For access to the shaft of the tibia Bacchelli 
et  al. [31] used the following technique: The 
medial approach to the shaft of the tibia was per-
formed directly above the bone. From the distal 
aspect of the stifle to the hock joint, the medial 
fascia of the tibia was incised, and the medial 
aspect of the tibia was exposed without disturb-
ing the medial collateral ligament. The perios-
teum was incised and reflected at the implant site. 
After complete exposure of the bony area, six 
implants were installed in the mid-diaphysis cor-
tical bone. Implants had about 1.5  cm distance 
from each other.

Access to the sheep femur is usually gained 
via exposure by a classic lateral approach from 
the great trochanter to the distal epiphysis [32]. A 
longitudinal incision over the medial or lateral 
surface of the femoral condyle allows the place-
ment of the implants in a perpendicular direction 
to the long axis of the femur [33]. Thereby a first 
implant can be placed at the base of the great tro-
chanter and three others in the femoral distal 
metaphysis. A more elegant approach would be a 

keyhole approach to the proximal and distal 
femur, as described by Nuss et  al., to avoid an 
unnecessary and large wound extending over the 
entire length of the femur [34].

6.2.2.2  Intraoral Description 
of the Procedures

Maxillary Sinus
Surgical access to the maxillary sinus in sheep 
and goats usually requires a previous surgical 
incision and preparation of the skin. The small 
size of the mouth with tight soft tissue structures 
hampers direct access via the oral cavity.

After shaving and washing the skin of the 
maxillary sinus area, the lateral maxillary sinus 
wall is exposed over a skin incision. Thereby sur-
gical procedures and techniques differ slightly 
between authors. Haas et al. [35] gained access to 
the sinus wall by exposure over a 6-cm-long 
paramedian sagittal skin incision. The authors 
detached one-third of the masseter muscle. 
Rostrally, they created a 1 cm × 1 cm bone win-
dow with a dental drill. After the removal of the 
resultant bone plate, they elevated the antral 
membrane from the buccal bony wall and dis-
placed it dorsocranially with variably bent blunt 
dissectors. Then holes for implants were drilled 
under the careful protection of the antral mem-
brane with an elevator. The holes for the two 
implants were drilled distally to the bony win-
dow. Finally, the authors filled the newly formed 
hollow space with different augmentation materi-
als and installed the implants.

In contrast, Estaca et al. [36] describe access 
via a 2-cm skin incision led caudally from the 
angle of the mouth to the second molar. Then an 
additional perpendicular, dorsal, 2  cm incision 
was connected at the end of the other one. A com-
plete mucocutaneous flap was raised after inci-
sion, and the outer surface of the maxilla and the 
origin of the masseter muscle were fully exposed. 
Afterward, they detached the masseter muscle at 
the site of origin and created a bone window of 
1  cm  ×  1  cm to expose the Schneiderian 
membrane.
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Overall, most study protocols in current litera-
ture follow these approaches to the maxillary 
sinus. The only points where surgical procedures 
differ from each other are the size of the window, 
choice of the bone graft material, on-stage or 
two-stage approach, number of implants, and 
healing time. As the extraoral surgical access to 
the lateral sinus wall is very simple and addition-
ally allows a very clear sight onto the alveolar 
ridge and sinus membrane, this model offers 
some advantages over an intraoral approach. In 
particular, soft tissue trauma by massive retrac-
tion forces as well as the risk of an infection trig-
gered off by oral bacteria is reduced.

Mandible
Even though this surgical location has to be 
ranked rather critically, especially with respect to 
tooth extractions and direct implant placement, a 
short description will be provided for the sake of 
completeness. The procedure is based only on 
studies using the edentulous area between the 
canine and molars. Any description of tooth 
extractions, respectively, direct implant place-
ment into fresh extraction sockets will not be pro-
vided due to the dubiousness of this approach by 
the authors.

After disinfection of the operation site, a mid-
crestal incision is performed in the edentulous 
area between the canine and molars. Mesial and/
or distal releasing incisions are possible. A full 
mucoperiosteal flap is prepared. After complete 
elevation of the flap the underlying bone can be 
either used or an augmentation technique or 
implant placement. Frisken et  al. [37] describe 
the insertion of implants (10  mm long and 
3.75  mm diameter) into the mandibular bone 
5 mm mesial to the first molar using the standard 
technique recommended by the manufacturer. 
Due to the study design, the authors implanted 
just one implant per edentulous area. Yet up to 
three implants are possible. Afterward, the muco-
periosteal flap is repositioned and fixed with a 
resorbable suture. Albeit the authors concluded 
that this access to the edentulous location in 
sheep is reasonable, they lost each implant after 4 
weeks and the other at 12 weeks postoperatively.

6.3  Investigative Methods 
of Evaluation

Whenever bone research is done, different meth-
ods need to be employed to receive valuable 
answers by combining them all. When working 
with permanent implants seated in bone, the nor-
mal “working horses” to assess outcomes are 
clinical macroscopic evaluation, radiographs, 
computed tomography, histology with nondecal-
cified bone specimens in situ, biomechanical 
tests, and analysis of implant surfaces. In special 
cases, biological analysis of fluids, including 
blood saliva or fluids accumulated within muco-
sal pockets, may be warranted, and in very basic 
questions, investigations into genomics may give 
answers.

6.3.1  Clinical Macroscopic 
Evaluation

During this examination, the firm seat of the 
implants needs to be confirmed. Depending on 
the initial insertion, coverage of the implants in 
case of subgingival and adherence of the mucosa 
in case of transgingival insertion has to be 
assessed. In addition, the quality of the mucosa 
(smooth versus cobblestone-like), state of inflam-
mation, signs of pocket formation around the 
implants, and signs of infection (pus, debris, and 
food remnants) within mucosal pockets need 
scoring.

6.3.2  Radiographs

Radiographs of the mandible or maxilla are very 
reliable and effective tools to assess changes 
within the bone and around the implants. It is rec-
ommended to use special high-grade technology 
films to demonstrate the fine details of trabecular 
bone, possible sclerosis, and signs of bone resorp-
tion, resp. interface membrane formation around 
the implant. In order to get good-quality radio-
graphs, animals require full anesthesia and open- 
mouth techniques. The mandible can be 
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radiographed through an oblique technique 
through the open mouth coming from the cranial 
aspect for both sides with the animal in ventral 
recumbency, while the lateral view needs to be 
taken from both sides separately with the site of 
interest laying directly on the plate and the ani-
mals positioned in lateral recumbency. The same 
techniques are appropriate for the maxilla, except 
that for the open-mouth technique the animals 
have to be placed in dorsal recumbency. It is rec-
ommended to use gauze wrapped around the 
mandibular and maxillary bone to keep the mouth 
open, since metal spacers may obscure the view.

6.3.3  Microradiography

For microradiographs, the luxury version is to 
use a fixation equipment (Fig.  6.3). Nowadays, 
there are only few providers for this equipment 

with variable quality. The problem is to have 
enough fine details of bone structure while hav-
ing enough power to also have large specimens as 
an entire femur analyzed. It also requires good 
equipment not to have artifacts produced between 
a metal implant in situ and surrounding bone. 
This quality can be achieved in our hands using 
the new equipment produced by FAXITRON 
BIOPTICS, LLC, 3440 E Britannia Drive, Suite 
150, Tucson, Arizona. The downside of this 
equipment is the prize, which is only worthwhile 
to purchase if a laboratory uses this equipment 
routinely. However, collaborations with other 
laboratories may be possible. If this is not possi-
ble, the use of normal X-ray equipment and 
mammary high-grade detail films may be a satis-
factory surrogate.

6.3.4  Computer Tomography (CT)

CT pictures allow three-dimensional reconstruc-
tion of the mandibular and maxillar bones. The 
technology also permits calculating volumes, 
density, and width of trabecular bone and cortical 
bone; however, in conjunction with metal 
implants, artifacts obscure the assessment of the 
transition from bone to implant. There, CT is of 
less value compared to radiographs.

6.3.5  Micro-CT

The techniques of Micro-CTs have improved in 
recent years and are reported to show less arti-
facts between implants and surrounding bone. 
However, Micro-CTs can only be performed with 
small samples and obviously only after sacrifice. 
The same measurements can be made as men-
tioned for regular CT, although more details can 
be expected.

6.3.6  Histology

In case of dental implantology histology of non-
decalcified bone specimens with implants in situ 
is still the most reliable and classic way to inves-

Fig. 6.3 Miroradiographs of each implant after individ-
ual blocks were cut with the implant in situ
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a b

Fig. 6.4 (a) Ground section of a dental implant in situ 
shows good osseointegration and new bone formation in 
the environment of the implant. (b) Magnification: Dark 

blue staining indicates new woven, light blue older lamel-
lar bone (ground section, PMMA embedding, staining 
with toluidine blue)

Fig. 6.5 Native fluorescence section shows calcium 
deposition at 4, 6 and 8 weeks (green  =  calcein green; 
red = xylenol orange; ocre = tetracyclin)

tigate osseointegration (Fig.  6.4). For this, 
 specimens need to be embedded in methyl-
methacrylate, and ground sections have to be 
prepared using special saws with diamond-
coated saw bands (EXAKT). This special equip-
ment allows surface staining with toluidine 
blue, gives excellent results, and allows distin-
guishing different stages of bone formation. 
Lamellar bone (light blue) can be distinguished 
from woven bone (dark blue) and osteoid (tur-
quoise). The regularity of lamellar bone can be 
assessed, as well as the area of new bone forma-
tion and the extent of the bone–implant contact. 
Computer programs are available, which make 
it possible to measure these features quantita-
tively and highly accurately. The formation of a 
fibrous interface membrane between bone and 
implant can be demonstrated, which can be 
related to biomechanical stability. Furthermore, 
the biocompatibility of implants and their coat-
ings can be assessed. The time frame of the lat-
ter is possible within 2 months after implantation 
as well as primary osseointegration. Long-term 
osseointegration should be demonstrated for at 
least 6 and optimally for 12 months after implan-
tation to make sure that no osteolysis along with 
aseptic loosening is occurring. Thereby, the 
native fluorescence section can further help to 
disclose peri-implant bone remodeling 
(Fig. 6.5).

6.3.7  Biomechanics

Biomechanical tests are required to prove ade-
quate fixation and osseointegration of the 
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implants. The most accurate for testing osseoin-
tegration is the “removal torque test.” There, 
implants are tested using an Instron materials 
testing machine that is equipped with an appro-
priate screwdriver, resp. adapter, fitting the 
implant head. Measured is the force that is 
required to loosen the implant in a reverse direc-
tion. The curve of the torque is recorded until the 
implant breaks away from its surrounding. Apart 
from the actual peak of force recorded, the type 
of curve is also important, since it may reveal 
where the brake occurs. If the curve increases 
steadily, the peak is high, and then the curve 
drops suddenly; the brake most likely occurs at 
the materials interface to the bone. Instead, the 
curve may have a plateau, which decreases more 
slowly. If the force is high, it may be that the tra-
becular bone is attached firmly and gets torn with 
the implant; if the force is low, this indicates 
fibrous tissue formation.

“Pull-out tests” are another option to assess 
osseointegration. This makes sense, if implants 
are not round or are round but without threads. In 
the latter case, the removal torque tests provide 
better information about the connection between 
the implant and bone.

In some instances, push-out tests are also rec-
ommended. However, the problem with push-out 
tests is that specimens need to be specially pre-
pared. This includes normally removing the (cor-
tical) bone at the tip of the threads or even cutting 
a bone sample with the implant in situ in half, 
which is only possible using a saw. Since this 
procedure involves the implant, it may already 
loosen the implant beforehand, and thus, values 
may be inaccurate. These tests are not recom-
mended by the authors to test osseointegration.

6.3.8  Biologic Analysis of Fluids 
(Blood, Saliva, etc.)

Biologic analysis of fluids, resp. saliva makes 
sense, if specific enzymes, macromolecules, or 
concentrations of pharmacological substances 

need investigation. In this case, most often, swabs 
are taken using a sterile cotton tip, or even rolls, 
mostly out of the pockets at the site of peri- 
implantitis. Swabs are taken and should be placed 
immediately in sterile tubes. Dilution may be 
achieved with a standardized amount of NaCl. 
Depending on the enzyme to be investigated, spe-
cial inhibitors may have to be added immediately 
after harvesting the sample. Later appropriate 
laboratory tests (mostly commercial kits) may be 
used to analyze the target enzyme of the 
macromolecule.

6.3.9  Bacteriology

As with biological fluids samples for bacterio-
logical analysis are taken with special swabs that 
are commercially available for this type of analy-
sis. It has to be kept in mind that the oral cavity is 
overwhelmed with different bacteria and it may 
be very difficult to get results that allow interpre-
tation of results. The classic bacterial tests on 
agar may also be difficult depending on best cul-
ture standard of different bacterial strains (gram 
positive, gram negative).

6.3.10  Genomics

Modern molecular analysis using genomics may 
be done for several factors by either determining 
the presence of DNA in case of bacteria, or by 
studying up- and down-regulation of mRNA after 
certain events. While the determination of bacte-
rial DNA may obliterate problems encountered 
with bacterial cultures of the intraoral cavity, the 
quantification of mRNA may be only useful in 
selected cases of basic research as performed in 
small laboratory rodents (mice and rats). Its value 
may be limited in applied research using large 
animals, such as sheep or goats, especially since 
contamination may be a problem. In addition, it 
may be difficult to find suitable molecular probes 
for these animals.
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6.4  Flagship Results

 1. Both intra and extraoral surgical sites in sheep 
or goats do not provide the same associated 
anatomic, biochemical, physiologic, and bio-
logical characteristics as those found in the 
human oral cavity. Whereas all extraoral sites 
do not provide any surrounding mucosal tis-
sue or physiological biting forces, intraoral 
sites show off a different gross anatomy and 
healing pattern.

 2. The specific oral biomechanics inherent to the 
constant ruminant activity exclude sheep and 
goats for tooth extractions with secondary 
implant placement.

 3. In terms of surgical approach, anatomy, and 
implant positioning, extraoral sites are prefer-
able to intraoral sites. Thereby the iliac crest 
is advantageous over the femoral condyle due 
to bone composition and the number of 
implants.

 4. For s separate analysis of just the safety, bio-
compatibility, and osseointegrative properties 
of a dental implant, the sheep pelvic model 
turns out to be very suitable.

 5. A precise and comprehensive clarification of 
the research hypothesis is mandatory to select 
the suitable location and avoid overseeing 
specific limitations of each model.

6.5  Expert Opinion

Sheep and goats are reliable and suitable large 
animal models for bone research because of their 
similar bone metabolism to humans and overall 
acceptability to society. Yet, in contrast to the lit-
erature [3], the authors see issues, e.g. availabil-
ity, animal cost, and ease of handling/housing 
more critical, as animal welfare is more complex 
and requires profound knowledge.

For all extra and intraoral surgical interven-
tions in sheep and goats, general anesthesia with 
corresponding analgesia under sterile conditions 
is mandatory.

Even though sheep and goats offer a wide 
range of different anatomical sites for implant 

testing, the pelvic sheep model discloses to be the 
most reliable with respect to the evaluation of 
osseointegration. With its histological features, 
the pelvic sheep model allows a clinically reflec-
tive assessment of dental implants in an anatomi-
cal site similar to the jaw, where both cortical and 
cancellous bone integration is required. Yet for 
the assessment of peri-implant hard and soft tis-
sue reactions under special loading conditions, an 
additional analysis in a suitable animal model is 
necessary.

References

1. Martini L, Fini M, Giavaresi G, Giardino R.  Sheep 
model in orthopedic research: a literature review. 
Comp Med. 2001;51:292–9.

2. Stübinger S, Dard M.  The rabbit as experimental 
model for research in implant dentistry and related 
tissue regeneration. J Investig Surg. 2013;26:266–82.

3. Turner AS.  Experiences with sheep as an animal 
model for shoulder surgery: strengths and shortcom-
ings. J Shoulder Elb Surg. 2007;16:158–63.

4. Pearce AI, Richards RG, Milz S, Schneider E, Pearce 
SG. Animal models for implant biomaterial research 
in bone: a review. Eur Cell Mater. 2007;13:1–10.

5. Vignoletti F, Abrahamsson I. Quality of reporting of 
experimental research in implant dentistry. Critical 
aspects in design, outcome assessment and model 
validation. J Clin Periodontol. 2012;39:6–27.

6. Reichert JC, Saifzadeh S, Wullschleger ME, Epari 
DR, Schütz MA, Duda GN, et  al. The challenge of 
establishing preclinical models for segmental bone 
defect research. Biomaterials. 2009;30:2149–63.

7. Aerssens J, Boonen S, Lowet G, Dequeker 
J. Interspecies differences in bone composition, den-
sity, and quality: potential implications for in  vivo 
bone research. Endocrinology. 1998;139:663–70.

8. Ravaglioli A, Krajewski A, Celotti GC, Piancastelli A, 
Bacchini B, Montanari L, et al. Mineral evolution of 
bone. Biomaterials. 1996;17:617–22.

9. Nafei A, Danielsen CC, Linde F, Hvid I. Properties 
of growing trabecular ovine bone. Part I: mechani-
cal and physical properties. J Bone Joint Surg Br. 
2000;82:910–20.

10. Liebschner MA.  Biomechanical considerations of 
animal models used in tissue engineering of bone. 
Biomaterials. 2004;25:1697–14.

11. Bonucci E, Ballanti P.  Osteoporosis—bone 
remodeling and animal models. Toxicol Pathol. 
2014;42:957–69.

12. Wancket LM. Animal models for evaluation of bone 
implants and devices: comparative bone structure and 
common model uses. Vet Pathol. 2015;52:842–50.

6 Preclinical Studies Design and Place of Ovine and Caprine



110

13. Arens D, Sigrist I, Alini M, Schawalder P, Schneider 
E, Egermann M. Seasonal changes in bone metabo-
lism in sheep. Vet J. 2007;174:585–91.

14. Eitel F, Klapp F, Jacobson W, Schweiberer L. Bone 
regeneration in animals and in man. Arch Orthop 
Traum Surg. 1981;99:59–64.

15. Spaargaren DH. Metabolic rate and body size: a new 
view on the ‘surface law’ for basic metabolic rate. 
Acta Biotheor. 1994;42:263–9.

16. Schouten C, Meijer GJ, van den Beucken JJ, 
Spauwen PH, Jansen JA. A novel implantation model 
for evaluation of bone healing response to dental 
implants: the goat iliac crest. Clin Oral Implants Res. 
2010;21:414–23.

17. Hillier ML, Bell LS.  Differentiating human bone 
from animal bone: a review of histological methods. J 
Forensic Sci. 2007;52:249–63.

18. Langhoff JD, Voelter K, Scharnweber D, 
Schnabelrauch M, Schlottig F, Hefti T, Kalchofner K, 
Nuss K, von Rechenberg B.  Comparison of chemi-
cally and pharmaceutically modified titanium and zir-
conia implant surfaces in dentistry: a study in sheep. 
Int J Oral Maxillofac Surg. 2008;37:1125–32.

19. Tabassum A, Meijer GJ, Walboomers XF, Jansen 
JA.  Biological limits of the undersized surgical 
technique: a study in goats. Clin Oral Implants Res. 
2011;22:129–34.

20. Stübinger S, Biermeier K, Bächi B, Ferguson SJ, Sader 
R, von Rechenberg B. Comparison of Er:YAG laser, 
piezoelectric, and drill osteotomy for dental implant 
site preparation: a biomechanical and histological 
analysis in sheep. Lasers Surg Med. 2010;42:652–61.

21. Schopper C, Moser D, Goriwoda W, Ziya-Ghazvini 
F, Spassova E, Lagogiannis G, et  al. The effect of 
three different calcium phosphate implant coatings on 
bone deposition and coating resorption: a long-term 
histological study in sheep. Clin Oral Implants Res. 
2005;16:357–68.

22. Vlaminck L, Gorski T, Huys L, Saunders J, Schacht E, 
Gasthuys F. Immediate postextraction implant place-
ment in sheep’s mandibles: a pilot study. Implant 
Dent. 2008;17:439–50.

23. Rachmiel A, Aizenbud D, Peled M.  Enhancement 
of bone formation by bone morphogenetic protein-2 
during alveolar distraction: an experimental study in 
sheep. J Periodontol. 2004;75:1524–31.

24. Arvier J, Scott J, Goss A, Wilson D, Tideman 
H. Biological and clinical evaluation of the transman-
dibular implant. Aust Dent J. 1989;34:524–9.

25. Gatti AM, Zaffe D.  Long-term behaviour of active 
glasses in sheep mandibular bone. Biomaterials. 
1991;12:345–50.

26. Pilling E, Mai R, Theissig F, Stadlinger B, Loukota 
R, Eckelt U. An experimental in vivo analysis of the 
resorption to ultrasound activated pins (Sonic weld) 
and standard biodegradable screws (ResorbX) in 
sheep. Br J Oral Maxillofac Surg. 2007;45:447–50.

27. Liu H, Klein CP, van Rossen IP, de Groot K. A model 
for the evaluation of mandibular bone response to 
implant materials. J Oral Rehabil. 1995;22:283–7.

28. Brumund KT, Graham SM, Beck KC, Hoffman EA, 
McLennan G.  The effect of maxillary sinus antros-
tomy size on xenon ventilation in the sheep model. 
Otolaryngol Head Neck Surg. 2004;131:528–33.

29. Orsini E, Giavaresi G, Trirè A, Ottani V, Salgarello 
S. Dental implant thread pitch and its influence on the 
osseointegration process: an in vivo comparison study. 
Int J Oral Maxillofac Implants. 2012;27:383–92.

30. Rodriguez y Baena R, Zaffe D, Pazzaglia UE, Rizzo 
S. Morphology of peri-implant regenerated bone, in 
sheep’s tibia, by means of guided tissue regeneration. 
Minerva Stomatol. 1998;47:673–87.

31. Bacchelli B, Giavaresi G, Franchi M, Martini D, De 
Pasquale V, Trirè A, Fini M, Giardino R, Ruggeri 
A. Influence of a zirconia sandblasting treated surface 
on peri-implant bone healing: an experimental study 
in sheep. Acta Biomater. 2009;5:2246–57.

32. Grizon F, Aguado E, Huré G, Baslé MF, Chappard 
D.  Enhanced bone integration of implants with 
increased surface roughness: a long term study in the 
sheep. J Dent. 2002;30:195–203.

33. Nikolidakis D, Meijer GJ, Oortgiesen DA, 
Walboomers XF, Jansen JA. The effect of a low dose 
of transforming growth factor beta1 (TGF-beta1) on 
the early bone-healing around oral implants inserted 
in trabecular bone. Biomaterials. 2009;30:94–9.

34. Nuss K, Auer J, Boos A, von Rechenberg B. An ani-
mal model in sheep for biocompatibility testing of bio-
materials in cancellous bones. BMC Musculoskelet 
Disord. 2006;7:67.

35. Haas R, Donath K, Födinger M, Watzek G.  Bovine 
hydroxyapatite for maxillary sinus grafting: compara-
tive histomorphometric findings in sheep. Clin Oral 
Implants Res. 1998;9:107–16.

36. Estaca E, Cabezas J, Usón J, Sánchez-Margallo F, 
Morell E, Latorre R.  Maxillary sinus-floor eleva-
tion: an animal model. Clin Oral Implants Res. 
2008;19:1044–8.

37. Frisken KW, Dandie GW, Lugowski S, Jordan G. A 
study of titanium release into body organs following 
the insertion of single threaded screw implants into 
the mandibles of sheep. Aust Dent J. 2002;47:214–7.

S. Stübinger and B. von Rechenberg



111

7Clinical Investigations in Implant 
Dentistry: Experimentation Versus 
Observation and the Future 
of Merging Data

D. French and Michel M. Dard

7.1  Introduction

The term “clinical investigation” has to be con-
sidered generic as it includes a wide range of 
options for clinical protocols, patient profiles, 
treatment types, evaluation methods and forms of 
reporting. In general, clinical investigations are 
usually considered to address different aspects of 
a treatment or of a surgical intervention, e.g. 
investigate the mechanism of action, assess the 
safety and/or efficacy, compare the safety/effi-
cacy of a new versus an established procedure or 
treatment, and answer specific questions related 
to these topics.

These types of studies, which can be qualified 
as observational or investigative, are both impor-
tant; however, these traditional types of clinical 
investigation have significant limitations, partic-
ularly the potential for bias. As such, most top- 
ranked dental journals favor experimental 
investigations (prospective controlled studies) 
over clinical observations and retrospective stud-
ies. A new approach to clinical retrospective 
observational study is therefore required, one that 
centers on patient outcomes, using modern data 

systems collecting large representative samples 
to better reflect a real-world setting.

In dentistry, there is a lack of consensus about 
appropriate clinical investigations due to a lack of 
consistent guidelines, lack of objective validity, 
the relevance of outcome measurements, and dif-
fering opinions on levels of evidence among the 
professional community. There is also confusion 
about the various types of clinical study and the 
different ways to describe them, which can be 
misleading [1]. Terms used in the literature 
include randomized controlled trials/studies; 
adaptive trials; nonrandomized studies (e.g., 
interrupted time-series studies); cohort studies 
(prospective or retrospective); case–control stud-
ies; case series studies; cross-sectional studies; 
ecological studies; superiority, equivalence, and 
noninferiority studies; crossover studies; longitu-
dinal studies; and postmarketing studies [1–3]. 
Many of these terms are used inappropriately, for 
example “cohort studies” and “case series” have 
been used to describe the same type of study [1, 
2, 4–6].

Randomized controlled trials (RCTs) in the 
field of dentistry are considered superior in the 
hierarchy of evidence in therapy, since they limit 
bias by randomly assigning groups to interven-
tion vs. nonintervention (placebo or control), 
potentially minimizing known and unknown con-
founding variables. However, RCTs may offer no 
advantage, or may not even be possible in areas 
of study that respond to multifactorial outcomes 

D. French (*) 
Faculty of Dentistry, University of British Columbia, 
Vancouver, Canada 

M. M. Dard 
New York, USA

© Springer Nature Switzerland AG 2023 
M. M. Dard (ed.), Surgical Research in Implant Dentistry, 
https://doi.org/10.1007/978-3-031-37234-6_7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37234-6_7&domain=pdf
https://doi.org/10.1007/978-3-031-37234-6_7


112

such as those typically seen in clinical practice. 
Observational studies can be of value in the mul-
tifactorial reality of clinical practice but their 
power is limited by a lack of randomization and 
control group. Furthermore, the assignment of 
subjects to various treatments in various environ-
ments over various time points introduces signifi-
cant confounding factors and consequently 
known and unknown bias [7].

RCTs and the systematic reviews that utilize 
them are therefore generally agreed to be more 
valuable. Control over variables including sub-
ject allocation and blinded observer are proven 
ways to remove bias from a study. However, it is 
a falsehood to presume that bias is not present in 
RCTs and their related reviews. Prospective con-
trolled studies have inherent bias, since the very 
design of a prospective study restricts certain 
conditions, such as number and type of subjects, 
with strict inclusion/exclusion criteria that are 
often chosen to create ideal parameters. This can 
bias the study toward a more favorable outcome 
than might otherwise be achieved in the reality of 
a noncontrolled environment of clinical practice. 
Furthermore, performing clinical investigations 
in implant dentistry brings a unique set of chal-
lenges, as it is impossible to perform traditional 
placebo-controlled RCTs in the same way as for 
pharmaceutical interventions. “Controlled trials” 
often have questionable validity, since the control 
treatments (i.e. other implants) are not evaluated 
against a comparator but rather against implants 
that have become the “standard(s)” over the 
years. Consequently, the majority of clinical tri-
als in implant dentistry are therefore observa-
tional. In addition, patient population and 
procedure for “controlled” studies may not 
always be well defined and may vary between cli-
nicians and patients, particularly in different 
countries. As such, the same intervention using 
the same implant system may suffer from a lack 
of “calibration” between clinicians or uniformity 
between patients. It is worth noting that some 
standard classifications have been proposed but 
are rarely consistently followed [2].

Meta-analyses and systematic reviews are of 
value in summarizing and providing state-of-the- 
art conclusions, but their quality depends largely 

on how the included controlled studies are con-
ducted and reported. Furthermore, meta-analyses 
and systematic reviews select narrow criteria for 
study inclusion in a review, which again repre-
sents bias. Additionally, only certain types of 
research papers (typically RCTs) or specific areas 
of interest are published, so publication bias may 
exist.

It has to be also considered that RCTs are 
intended to determine efficacy, while observa-
tional studies are used to measure the effective-
ness of treatment/intervention in real-world 
scenarios. According to Anglemeyer et al. [4] and 
Song and Chung [8], there is little evidence for 
significant differences in the estimation of effect 
between RCTs and observational studies, regard-
less of study design or heterogeneity of studies. 
In the near future, with the advent of electronic 
patient records, the quality and quantity of data 
available for retrospective observational studies 
may rival that of prospective controlled studies.

Observational studies, therefore, remain a 
valuable part of the landscape in dental implant 
research and perform a critical function in the 
dental literature. Because they can cover long 
time periods and respond to multiple factors, they 
offer researchers and clinicians the chance for 
postmarketing surveillance. This kind of long- 
term follow-up, in particular outcomes of inter-
ventions or devices used in daily practice, can 
help clinicians’ understanding and allow them to 
achieve better outcomes in real world scenarios. 
Observational studies can further complement 
prospective studies in that they can generate 
novel hypotheses that can then be tested in pilot 
studies and RCTs. Similarly, they can guide the 
design of future studies by evaluating multiple 
variables simultaneously and may better reflect 
the “uncontrolled” reality of clinical practice.

7.2  Systematic Reviews 
and Meta-Analyses

The top level in the hierarchy of evidence is con-
sidered to be systematic reviews and meta- 
analyses (Fig. 7.1). Indeed, such reviews are very 
useful to describe the state-of-the-science and 
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Fig. 7.1 Hierarchy of evidence in clinical research

understanding of a given topic. They are designed 
to deliver definitive answers based on currently 
available evidence [9, 10], and can give clinicians 
a good overview of the latest literature, including 
how findings may be applied in general practice 
[9, 10]. They look for evidence across a number 
of studies, as opposed to providing conclusions 
based on a single study [9]. Conclusions from 
systematic reviews and meta-analyses can theo-
retically be more reliable and robust than those of 
individual studies [9, 11], but only if most forms 
of bias are minimized [12].

Systematic reviews in theory consist of a deep 
analysis of all available evidence on a particular 
intervention or clinical question, performed 
according to well-defined guidelines, protocol, 
and inclusion/exclusion criteria [11–14]. They 
are superior to narrative literature reviews [9–11] 
and contribute to estimating the size of an effect 
or intervention [11]. Systematic reviews also help 
to improve generalisability and reduce subjective 
influence [9], and are efficient with regard to 
resource allocation and preparation costs, com-
pared to generating novel data in clinical trials 
with associated high cost of subject enrollment 
and follow-up.

Meta-analyses are subsets of systematic 
reviews – they are “studies of studies” that com-
bine data from several primary studies that exam-

ine the same research question to produce a 
single estimate based on aggregate data [9–11]. 
This requires the statistical analysis of results 
from many individual studies [11], which can 
help to develop guidelines and plan future 
research [9]. They can be amended over time as 
new published data become available, so that 
accuracy and statistical power can theoretically 
be improved [12]. Although “quantitative,” the 
results should still be interpreted with a degree of 
caution since they assume a common truth behind 
conceptually similar studies and that sources of 
bias are controlled [10, 11]. The quality of the 
meta-analysis is therefore dependent on the qual-
ity of the included studies [9, 10, 13].

Systematic reviews and related meta-analyses 
have some disadvantages because restricting 
inclusion to published data only may reduce the 
reliability of the conclusions, i.e. publication 
bias, where the published literature may not be 
adequately representative of all completed stud-
ies [9, 10, 13, 14]. Furthermore, due to potential 
publication bias, neutral or negative results may 
be suppressed or harder to find [9, 11]. A system-
atic review is thus limited by the quality and 
quantity of research that is available for analysis, 
often with novel, controversion or nonconven-
tional studies being excluded. As such, users of 
systematic reviews need to evaluate whether 
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 certain methodology and evidence base has been 
performed using established tools such as 
PRISMA (Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses) guide-
lines, which consists of a 27-item checklist that 
can assist in evaluating transparency [13, 14].

An increasing problem with systematic 
reviews and meta-analyses is a trend by clini-
cians, opinion leaders, and speakers at scientific 
forums to over-utilize reviews and rely solely on 
the conclusions without covering the underlying 
data in each study. This often provides a simple 
take-home message, but since the quality of the 
review is dependent on the quality of the included 
studies [9, 10, 13], it is incumbent on the clini-
cians who present such conclusions to evaluate 
and describe the studies within the review and 
explain potential shortcomings in the concluding 
statements.

An example of “state-of-the-science review” 
that, despite much research, still provides uncer-
tain clinical validity is extraction socket preserva-
tion. This increasingly popular recommendation 
occupies much lecture time at implant confer-
ences of the European Association for 
Osseointegration (EAO) and the Academy of 
Osseointegration (AO), with the potential to 
increase biomaterial use if the procedure is 
adopted and the concept spread out. Not surpris-
ingly, there has been an expansion of publica-
tions on socket preservation. A search for 
“extraction socket grafting or ridge preservation” 
returns over 2000 articles on Pubmed.gov (US 
National Library of Medicine National Institutes 
of Health), but these are heavily weighted toward 
animal studies and short-term case reports. 
Indeed, a recent systematic review found only 
nine articles that met the requirement of RCT or 
controlled clinical trial (CCT) with unassisted 
socket healing as controls in humans [15]. A sim-
ilar review found there were few 1-year follow-
 up studies and, as of 2012, only one 3-year 
controlled study [16]. Though animal studies are 
useful in describing ridge healing and the impact 
of socket graft on dimensional preservation, these 
do not provide sufficient evidence for long-term 
clinical applications in humans. Nevertheless, 

many clinicians accept socket preservation as a 
required procedure and given the numerous sys-
tematic reviews and speaker time allocated to 
socket grafting, it might even be assumed to be a 
“standard of care.”

Systematic reviews on ridge preservation, do 
indeed provide evidence of vertical and horizon-
tal crestal bone “preservation” in the order of 
1.5 mm [16, 17].

However, there is minimal evidence for supe-
riority of any particular biomaterial and no data 
on long-term outcomes [16] and the research is 
limited by systematic errors of publication bias, 
conflicts of interest and structural and method-
ological variability [17].

When performed appropriately, systematic 
reviews and meta-analyses can be very efficient 
tools to summarize current understanding and 
state-of-the-science, and are accepted to repre-
sent the highest level of clinical evidence [18]. 
The research question and eligibility criteria need 
to be well defined, however, and risk of bias 
needs to be assessed and addressed [9, 12, 13]. 
The reader must evaluate the studies, both 
included and excluded, and remember that the 
conclusions are only as good as the data on which 
they are based; otherwise, they are at risk for 
vague guidance or, at worst, can risk generating 
garbage in–garbage out summaries or erroneous 
conclusions.

7.3  Types of Clinical 
Investigations in Implant 
Dentistry

7.3.1  Experimental Studies

Experimental studies such as RCTs (Randomized 
Controlled Trials) and CCTs (Controlled Clinical 
Trials) measure the outcome of the effect of an 
intervention. A CCT is similar to an RCT with 
treatment and control groups but not necessarily 
randomized. These clinical trials are next on the 
hierarchy after meta-analysis and are the highest 
form of clinical research. RCTs were initially 
developed to assess drug treatments but are more 
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difficult to conduct for surgical interventions [8, 
19]. The comparative placebo routinely used in 
drug evaluation is not conceivable in medical 
devices for technical and ethical reasons. One 
more limitation consists in the fact that some 
RCTs investigator(s) directly involved as opera-
tors placing the devices under investigation can-
not be blinded, as investigator(s) analyzing 
imaging data where the device appears and can 
be identified.

Studies with two or more interventions, pos-
sibly including control or no intervention, are 
compared through random allocation of partici-
pants [20, 21]. Mostly, there is one intervention 
to one individual, but it is also possible to assign 
one intervention to a group (e.g., a household) or 
different interventions within an individual, e.g., 
different areas or parts of the body. As stated by 
Levin (2007), RCTs have the advantage that they 
allow for causal associations to be inferred, since 
all factors other than intervention are considered 
equal [20].

RCTs typically must be tailored to answer a 
specific question. Since they are prospective by 
design, they require knowledge of the planned 
intervention and the expected outcome in order to 
properly set up the study, otherwise may risk an 
inability to control variables or a lack of power in 
sample. Furthermore, without an understanding 
of the degree of the expected outcome, the study 
may provide a statistically significant result but 
not a clinically significant outcome. Sample size, 
valid hypothesis, statistical power calculations, 
and significance level all need to be considered; 
thus, preparatory work is typically done with 
pilot studies [2, 20].

Certain criteria have been proposed to assist in 
the design of pilot studies [22–24],e.g.:

 1. evaluate the integrity of a study protocol for a 
larger study;

 2. acquire preliminary estimates for sample size 
computation;

 3. test data collection questionnaires;
 4. test the randomization technique(s);
 5. estimate the recruitment and consent rates;
 6. test the acceptability of the intervention;
 7. choose the most suitable outcome measure(s).

Fundamentally RCTs are designed to mini-
mize bias, which may include allocation bias 
(difference in effect due to subject selection), 
performance bias (difference in response due to 
knowledge of group assignment or different 
means of administration), assessment bias 
(assessment of outcomes influenced by knowl-
edge of group assignment), or attrition bias (loss- 
to- follow-up bias) [20, 25]. RCTs ought to 
comply with reporting guidelines such as 
CONSORT (Consolidated Standards Of 
Reporting Trials) [26], which defines the mini-
mum recommendations on how randomized tri-
als should be reported. A checklist and flow 
diagram allows standardized reporting of ran-
domized trials, which reduces bias and makes 
interpretation of the results easier.

RCTs are randomized with regard to subject 
allocation and controlled by use of a control 
treatment such as placebo or sham surgery. 
However, unless they are double-blind with both 
subject and observer blind to intervention strat-
egy, RCTs remain prone to selection and observer 
bias as well as subject performance bias. It is 
often implausible or impossible to utilize RCT 
evidence for many study designs, particularly in 
implant dentistry. In some instances, a given 
treatment may be so well accepted clinically that 
it may be difficult to have a control group where 
such treatment is withheld. In other cases, it may 
be impossible to test the result of treatment in a 
blinded, randomized manner.

One example demonstrating the lack of RCT 
evidence in the dental literature is flossing. 
Recent media headlines revealed no data to sup-
port dental flossing as a routine to avoid tooth 
loss [27]. The US government health guidelines, 
which recommended flossing since 1979, 
required this to be based on scientific evidence. 
The Associated Press reviewed 25 studies com-
paring tooth brushing with or without flossing, 
and the evidence for flossing was deemed weak, 
unreliable, and with bias. The Associated Press 
then challenged the department responsible for 
the guidelines, but since flossing efficacy had not 
been fully researched, the recommendation was 
removed. The dental community, in response, 
completed systematic reviews but fared no better, 
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since the reviews were all based on the same 
weak data; hence they also concluded there was a 
lack of evidence to support flossing [28].

The problem lies not in the absence of benefit 
of flossing, rather in the failure of the scientific 
community to properly design a study to evaluate 
the benefits, and also the scientific community 
discounting of clinical observation and experi-
ence in preference for blinded RCTs. It is, of 
course, impossible to develop a proper RCT to 
study flossing since the “subject” will be aware 
of the act of flossing. It is also very difficult to get 
long-term outcomes on flossing as there will be a 
selection bias, since those who floss long-term 
are more likely to value flossing, so may have 
other health-oriented behaviors such as healthy 
diet. There is nonetheless good short-term clini-
cal evidence that flossing reduces decay and gin-
gival inflammation, and it remains an advised 
procedure in the opinion of most dental profes-
sional organizations including the American 
Academy of Periodontology [29].

External validity is another important consid-
eration or potential limitation of RCT.  It is 
defined as the “degree that the result of a study 
can be generalized to other conditions or popula-
tions” [30]. In general, external validity is poor if 
multiple variables are tested in a small sample but 
good if a single variable is tested on a large sam-
ple (Fig. 7.2). External validity is made difficult 
by the design requirements for a RCT, where the 

high trial running costs and follow-up of subjects 
limits sample size. Similarly, focusing on con-
trolled variables, particularly in the subject sam-
ple, limits the ability of the sample to represent 
real world clinical practice outcomes. 
Furthermore, RCTs may suffer external validity 
in that actively enrolled subjects must themselves 
accept being allotted to treatment or control so 
may not reflect normal population.

One of the major drawbacks to RCTs is the 
high cost; given this, there is a potential for cor-
porate sponsorships to introduce bias in the liter-
ature on a given topic. High costs stem from 
enrollment and follow-up which often limits 
patient enrollment to a number that is “just suffi-
cient” to reach statistical power and also limits 
the time of follow-up to periods, so may miss 
longer-term unexpected outcomes [20]. With a 
sample just large enough for statistical validity, 
any drop-outs can have a dramatic effect on the 
results, potentially missing the threshold for 
meaningful analysis. Furthermore, a high drop- 
out rate can mask undesirable effects, including 
the introduction of bias, and may also render the 
whole study ethically questionable. Cairo et  al. 
(2012) added that variation in levels of improve-
ment may make calculation of sample size differ-
ent for clinically meaningful results [31]. 
Operator and institution experience may also be 
low, especially where surgical procedures are 
involved, which is always the case in implant 
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Fig. 7.2 Interaction of 
sample size and 
treatment complexity on 
validity
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dentistry. As noted by Marx (2014), the lack of 
standardized terms may lead to different defini-
tions of the same clinical observation [32].

A well-designed RCT should ideally test one 
variable on subjects that are random and equal 
with all other variables being known and con-
trolled for. An example of a well-designed RCT 
is the series of 1–3-5  year study of TiZr vs. Ti 
3.3 mm diameter implants in edentulous mandi-
bles [33–35]. It is a double-blind, multicentre, 
split-mouth RCT that included 91 edentulous 
mandibles, two different implants of the same 
designs (Straumann BL 3.3 mm) but differing in 
only one variable, the implant material, which 
was either TiZr (Roxolid®) or Ti Grade IV (con-
trol). The 3-year results in 75 patients showed a 
cumulative survival rate of 98.7% for TiZr and 
97.3% for Ti. There was also no significant dif-
ference between the groups where mean marginal 
bone loss was 0.78 mm for TiZr and 0.60 mm for 
Ti [34]. This RCT stands out as an example of a 
well-controlled RCT, but the question of the util-
ity of the study to clinicians remains. The pur-
pose of this study was to evaluate a single focused 
question, i.e. will TiZr perform as well as Ti 
Grade IV, but does this matter? The answer is 
yes, to prove equivalency for market approval of 
the device. However, does this affect clinical 
decisions in the uncontrolled environment of 
daily practice? No, because the study did not 
evaluate any risk factors, nor did it evaluate vari-
ous methods to improve outcomes. The exclusion 
criteria make this RCT well-controlled, but it 
provides minimal utility to complex  multifactorial 
risks seen in broad clinical usage. The device was 
proven equivalent, but since TiZr is stronger than 
Ti Grade IV; it may be superior to load resistance 
and perhaps able to be used in higher load sce-
narios such as narrow dimensions supporting a 
bicuspid or even a molar. The stronger TiZr may 
also be utilized in sites where bone width is com-
promised, therefore avoiding bone graft by using 
a reduced-diameter implant. The outcomes of the 
aforementioned RCT’s could suggest that TiZr 
may be used in the above-described higher load 
scenarios, but this cannot be stated since the 
device was not tested in any load-challenging 
cases. For this type of analysis, we need postmar-

keting surveillance and clinical observation stud-
ies whereby clinicians who use the new device in 
novel applications track and report their 
outcome.

In summary, RCTs are restricted to answer a 
single question in a controlled environment, so 
they do not necessarily reflect the more complex 
environment of clinical implant dentistry. 
Furthermore, the high costs limit the size of sam-
ples and duration of follow-up and also introduce 
the potential for publication bias in favor of the 
sponsor since the studies must be funded.

7.3.2  Observational Studies

This category of clinical study design is impor-
tant, but sometimes neglected or under-used 
design [8] (Fig.  7.1). To evaluate the complex 
multifactorial reality of clinical practice over 
long periods of time, we rely on observational 
studies while recognizing that such studies have 
both observer and subject bias and are not ran-
domized or controlled. Given these inherent limi-
tations, it is not surprising that they tend to 
over-report effects by about 20–40% [36].

Despite the potential utility of clinical obser-
vational studies, there remains a large disparity in 
funding. Although 90% of dental care is provided 
in a clinical setting and 2% is provided in a 
research setting, only 7% of dental research fund-
ing is spent in the clinical setting; the majority of 
funding goes to research facilities and controlled 
trials [36]. An additional barrier is the recruit-
ment of dentists and patients with a minimum 
interruption and cost to a clinical practice. The 
advent of digital practice management may 
improve the ease of data collection, particularly 
if the treatment parameters data can be entered 
with field search capability so that it can be more 
reliably retrieved than historical chart reviews.

The lack of recognition and support for clini-
cal practice studies overlooks the strengths and 
benefits of observational studies, in that they can 
gain insight into the complex, poorly controlled 
reality of the clinical environments. Observational 
studies are also ethically sound since there is no 
withholding of treatment in a control group and 
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the interventions are usually part of routine clini-
cal procedures. Such studies are relatively 
 inexpensive, especially if they are retrospective 
and the data collection is incorporated into daily 
practice routine. Observational studies can be 
qualitative as well as quantitative, and can assess 
the strength of an effect as well as the type of 
effect. Observational studies can also generate 
new hypotheses or novel discoveries that can 
subsequently be tested in controlled studies.

An example of this kind of novel discovery is 
the retrospective case series on a drug side effect, 
whereby bisphosphonate was linked to refractory 
bone exposures based on a retrospective observa-
tion of 119 osteonecroses of the jaw (ONJ) com-
plications [37]. This was a straightforward 
retrospective observational report that has since 
led to hundreds of studies, position papers, and, 
eventually systematic reviews.

One of the main limitations of observational 
studies is that, being uncontrolled, they are prone 
to numerous forms of bias, as outlined below:

• Observer bias, where researchers notice or 
record more reliably what they want to see or 
“know” when looking at restrospective or 
clinical outcomes.

• Sample bias, especially in retrospective stud-
ies where subject and treatment allocation is 
not randomized and may not be representative 
of a larger population set. Lack of randomiza-
tion of treatment allocation is a core issue with 
observational studies whereby the groups that 
receive treatment may be different with regard 
to risk. One potential tool used to manage 
sample bias is a multivariate analysis which 
adjusts for the difference in risk exposure of 
the subjects.

• Measurement & recording bias, for example, 
not including or missing certain data in 
records. An example of this may be a risk fac-
tor such as selective serotonin reuptake inhibi-
tor (SSRI) antidepressant medications and 
their potential effect on implant outcomes. 
This was not commonly considered a risk 
10 years ago, so it may or may not have been 
included in data collection at the time and thus 

represents an unknown confounding variable 
due to incomplete data [38].

• Contextual and temporal bias, which may or 
may not apply to different circumstances, 
locations, or time periods such as a compari-
son of implant complications in smokers when 
looking at different countries, groups with dif-
ferent socio-economic status, or even differing 
time periods with vastly different smoking 
prevalences that could make the data less 
meaningful to broader populations. For exam-
ple, one clinical retrospective study reported a 
7-year implant survival of >98% but the sub-
jects were high SES Canadians with low 
smoking prevalence [39, 40]. Whereas a simi-
lar retrospective study in a Japanese popula-
tion reported <94% 10-year implant survival 
[41]. Although in the Japan study smoking 
rate was not reported, it is possible that the dif-
ference in failure was partly influenced by 
smoking in Japan where the consumption rate 
of cigarettes per person per year is 1841 with 
Japan being one of the world’s largest tobacco 
markets.

Observational studies can be adapted to evalu-
ate outcomes at the treatment level such as 
“implant-level” vs. “patient-level” analysis of 
failure, whereby the patient is a unit and within a 
given patient, there may be more than one treat-
ment. One example is a study on implant survival 
where the implant-level survival rate at 7 years 
was 98.4% but at the patient level was 95.9% 
[39]. This kind of patient-centered outcome is 
important to clinical practice in that nearly 1/20 
patients were exposed to a failure event and 
patient experience is critical to private practice 
success. The above are both examples of 
clinician- reported outcomes, but observational 
studies can also evaluate patient-reported out-
comes such as improvement of QOL after 
implant-supported denture by means of standard-
ized patient surveys [42].

Observational studies may be in the form of 
case reports, case series, case–control studies, 
cross-sectional studies, and cohort studies. The 
simplest of these are case reports and case series. 
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Reporting guidelines are also in place for 
 observational studies in the form of STROBE 
(STrengthening the Reporting of OBservational 
Studies in Epidemiology), which covers cohort, 
case–control and cross-sectional studies, and 
CARE (CAse REport) for case reports [43, 44].

One new field of investigation in the form of 
observational studies opened recently with the 
need for usability studies. Usability studies look 
at the interactions between human operators and 
the medical device and how the user interacts 
with a device and forms a key component of 
overall risk management and safety.

User experience (UX) evaluation and assess-
ment should be conducted on and with anyone 
who plays a role in operating the device, from 
patients to healthcare professionals, including 
staff members responsible for shipping, storing, 
sterilizing, and maintaining it.

It has to be noticed that usability standards are 
not clearly specified yet. There is little knowl-
edge and information about the impact of the 
context of use and especially by the characteris-
tics of its users on the usability outcome.

Nowadays, it is critical to consider the follow-
ing NORMS: (1) IEC 62366- 1:2015, which is the 
overlapping standard for FDA, the European 
Commission, and other regulatory bodies. IEC 
specifies that the standard covers assessment and 
mitigation of risk associated with normal use and 
use errors of the device and to (2) ISO 9241-11, 
2018 which provides a framework for under-
standing the concept of usability and applying it 
to situations where people use interactive sys-
tems and other types of systems, products, and 
services.

Furthermore, the recent publication of Bitkina 
et  al. [45] provides an overview on the current 
state, analysis methodologies, and future chal-
lenges when it comes to the usability of medical 
devices.

The full usability is difficult to address and to 
assess because medical devices are used in a 
broad range of settings: clinical (practice, hospi-
tal, alongside many other devices) or home-use 
which will require a potentially unskilled patient 
or caregiver serving as the operator of the device.

For these reasons, medical device usability 
testing demands a detailed analysis by research-
ers/engineers/practitioners/patients to understand 
the interactions between the device and the end 
user within the intended use environment. This 
allows for the creation of realistic risk acceptabil-
ity models.

Data from the FDA shows that up to 50% of 
medical device failures can be attributed to design 
issues, while 36% of product recalls are initiated 
due to design. The design of the medical device, 
along with its labeling, packaging, and instruc-
tions for use, should always promote safe and 
effective use. This type of issue requires sound 
studies to be properly designed before the device 
reaches the operation suite and along with its use 
to collect and evaluate usability data as part of a 
manufacturer’s postmarket monitoring and 
surveillance.

7.3.2.1  Case Reports
Case reports are useful for identifying novel or 
rare clinical outcomes or scenarios but rely on 
one subject treated and carefully observed for the 
outcome. The subject is not random, there is no 
control, and they are prone to examiner bias. 
They are also descriptive and do not allow for 
hypothesis validation and educated conclusion.

7.3.2.2  Case Series
Case series are often incorrectly referred to as 
“cohort studies” [1, 2, 4–6]. They can be prospec-
tive or retrospective, and consecutive or noncon-
secutive [1, 6], but they do not include comparison 
to a control element [1, 2, 5]. Outcomes are 
described in a group of patients who all received 
the same intervention [1, 46]. A case series fol-
lows a descriptive study design (compared to 
RCTs, cohort studies, and case–control studies, 
all of which have an analytical study design). 
Generally, no hypothesis is developed for case 
series, but they can be useful to help develop 
hypotheses for further analytical studies [2].

A retrospective case series corresponds to ret-
rospective review of multiple case records (typi-
cally the lower limit is set at five cases) [6]. These 
can be used to describe unique cases, discover 
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new diseases, or report unexpected risk associa-
tions. As such, case series are useful for analyz-
ing trends, generating hypotheses and healthcare 
planning [2, 43]. They can be prepared quickly 
and can efficiently describe unexpected outcomes 
in clinical practice scenarios, and so can function 
well as postmarketing surveillance reports.

However, the lack of comparison or control 
group means that it is not possible to infer any 
conclusions about possible associations, causal 
or otherwise [1, 42, 47]. Additionally, the results 
from case series are not to be used to examine 
associations between exposure and outcomes, so 
there is no way to discern if time alone affects the 
result [2].

Another limitation is that typically the sample 
is small and nonrandom so is not representative 
of larger populations; they may therefore be 
prone to selection bias [6]. The typically retro-
spective nature of case reports means that miss-
ing data is another limitation, since chart records 
may not be complete enough to provide thorough 
analysis of confounding factors. Finally, since 
there is no active enrollment or follow-up, patient 
drop-out rate may be an issue in case series.

An excellent example of a retrospective case 
series study in implant dentistry is the report by 
Sennerby et al. (2008) that served as a valuable 
postmarketing surveillance report [48]. The 
authors evaluated the survival rate and marginal 
bone conditions around 117 Nobel Direct one- 
piece implants in 43 consecutive patients. 
Calculations of radiographic marginal bone loss 
were performed at placement and after an aver-
age of 10 months of loading. Marginal bone loss 
(>3  mm) was reported around more than one 
third of the implants, therefore quickly providing 
clinicians with a cautionary conclusion that 
Nobel Direct implants for immediate, multi-unit 
constructions and flapless surgery may be at 
potentially greater risk for failure [47, 48].

7.3.2.3  Case–Control Studies
Case series can be combined with a control to 
develop a case–control study that can overcome 
some of the limitations of case reports in deter-
mining cause and effect. Case–control studies are 
therefore designed to examine associations 

between exposure to risk factors and disease/con-
dition [8, 49]. Unlike cohort studies, subjects 
with the condition of interest are entered into the 
study at the outset, and risk factor information is 
collected retrospectively [8, 49]. Diagnosis and 
eligibility criteria need to be explicitly defined, 
however [49, 50]. The inclusion of a control ele-
ment is feasible, but needs careful consideration 
to reduce bias [49, 50].

Case–control studies are typically retrospec-
tive observational studies that look back to earlier 
“exposures” of individuals, a common tool in 
epidemiology. The cases are identified as sub-
jects with the particular outcome or disease in 
question, while “controls” are identified as sub-
jects without the outcome or disease. Researchers 
then compare the proportion of cases exposed to 
a particular risk condition to the proportion of 
controls exposed to the same risk condition. This 
design assumes that cases differ from controls 
only in having the particular outcome or disease 
and that this is increased by more risk exposure.

The advantage of case–control studies is that 
they can cover long periods in a cost-effective 
manner to identify effects of variables that have 
long latency periods, e.g. lung cancer in smokers 
or the effect of diabetes on peri-implantitis. Such 
studies have the additional advantages that they 
are quick and relatively inexpensive to perform 
[8, 50]. They may also be useful for rare or 
uncommon conditions [8, 50, 51]. However, this 
design has numerous limitations, such as 
unknown or hidden variables may affect out-
come. For example, sample selection of the con-
trol subjects may not be representative of the 
general population, in that they may be “related” 
to case subjects by such variables as nationality, 
background and socio-economic status, or by 
hidden or unknown variables that potentially act 
as confounding factors, making it difficult to 
overcome potential bias [8, 49, 50]. Successful 
selection of appropriately representative cases 
and controls can therefore be challenging [8, 50, 
51].

Typically in case–control retrospective 
reports, insufficient data is collected to identify 
potential confounding factors. Additionally, 
changes may occur over time such as standards 
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of care or societal perspectives that can affect 
both measurement and reporting. For example, 
consider a potential study on alcohol in relation 
to spousal abuse, whereby both socially accepted 
levels of alcohol consumption and the definition 
or even recognition of spousal abuse can change 
over time as well as in different geographical 
regions. An example by Ashraf et  al. (2012) 
examined oral health and coronary artery disease, 
where cases consisted of subjects with CAD 
while controls had no CAD [52]. Oral health was 
assessed in both sets of subjects (e.g. using num-
ber of missing teeth, periodontal index, etc.). In 
subjects matched for socio-economic status, the 
authors found a significant association between 
poor oral health and CAD (odds ratio 5.04 at 
95%).

7.3.2.4  Cross-Sectional Studies
This type of observational study relates two or 
more variables at a single time point with no 
manipulation of variables. Subjects are grouped 
by those with or without the variable and then 
compared according to outcome. These provide 
an odds ratio that represents the probability of the 
outcome if the variable is present; for example, 
the relationship between presence of P. gingiva-
lis(+) and bone loss. The advantage of this design 
is that is quick and relatively inexpensive since 
there no follow-up or time period requirements. 
As such there is also no confounding elements 
introduced over time.

The studies are generally straightforward and 
ethical, in that the subject is not exposed to a 
known risk or condition. One limitation is that, 
since the data are collected at one time point with 
no follow-up over time, all data are derived from 
a single time point, which negates the potential to 
evaluate cause and effect. An example may be the 
question “Does sedentary life cause obesity, or 
does obesity lead to sedentary life?”

These studies are also prone to concomitant 
variation, whereby extraneous factors may be the 
reason for any relationships observed, and vary-
ing one condition can unknowingly alter another. 
An example from the dental literature is a cross- 
sectional study of food impaction relative to 
implant embrasure space of 150 fixed dental 

prostheses (FDPs) in 100 patients [53]. 
Radiographic embrasure dimensions and radio-
graphic implant bone loss were measured, and 
larger embrasure was found to be related to 
greater peri-implant bone loss. This study reveals 
the limitation of concomitant variation, i.e., bone 
loss may be a function of time alone; both bone 
loss and open embrasure may occur indepen-
dently over time, but there was no analysis of the 
time that FDPs had been in service to account for 
the effect of time alone. Since embrasure space 
and bone loss may both increase over time, 
embrasure space may only represent concomitant 
variation.

7.3.2.5  Cohort Studies
Cohort studies are considered to provide the 
highest level of evidence of all observational 
studies [5, 8]. These studies consider a group of 
subjects over time and collect information about 
the outcomes of interest [54, 55]. They are 
designed to examine associations between expo-
sure to risk factors and disease/condition [51, 
54, 55], and may include a control or compara-
tive element [3, 55]. They can be “closed” (no 
variation in subjects, and drop-outs are not 
replaced) or “open” (new subjects can enter the 
study) [54], but the analysis of the data must 
include a comparison of risk factors between 
subjects [54, 55].

A cohort is described as subjects with specific 
and common characteristics [56]. A common fea-
ture of cohort studies is the observation of large 
numbers over a long time (typically years), com-
paring incidence rates in groups that differ in 
exposure levels [6]. One example in line with the 
above definition would be dental implant place-
ment in a specific clinic over a period of time, 
such as in the open cohort reported by French 
et al. (2015), with 4591 implants in 2060 patients 
over a period of 10 years [39]. Other definitions 
of cohort studies exist, however. For example, 
one definition is a “study in which a group of sub-
jects, selected to represent the population of 
interest, is studied over time.” This has a slightly 
different meaning to the previous definition, so 
there remains the potential for the discrepancy in 
what is deemed a cohort study [54].
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Advantages
Cohort studies are cost-effective if they can be 
performed using existing records and if this 
 retrospective collection of existing clinical 
records is readily suitable for ethical approval. 
Retrospective cohort studies can evaluate long 
follow-up periods and collect large samples, 
which makes them suitable for seeking rare 
events or events with long time horizons (e.g. 
implant loss, implant fractures, etc.), as well as 
evaluating exposure to risks with long latencies.

Cohort studies can efficiently establish the 
frequency of a disease or complications and can 
be designed to study multiple outcomes follow-
ing a single intervention/treatment [8, 54, 55] or 
evaluate multiple input variables. By analyzing 
associations between risk indicators and out-
comes through multivariate analysis, they allow 
for calculation of incidence rates, relative risks, 
and 95% confidence intervals [55] and enable 
absolute risk estimates for the outcomes; how-
ever, they can show only association [5, 8].

Evaluated over time, cohort studies can pro-
vide correlation and “guidance” of cause and 
effect by measuring change in exposures and the 
incidence of outcomes; however, in the absence 
of interventional experiments, they cannot pro-
vide evidence for cause and effect [8, 51, 54]. 
Instead, causal hypotheses can be implied since 
the longitudinal nature of these studies allows 
evaluation of exposure relative to the outcome, 
i.e. if levels of exposure over time relate to levels 
of the outcome it may reveal a dose–response 
relationship that supports potential causality. An 
example is smoking and the relationship to 
implant loss; one can report smoking habits (the 
predictor variable), then in a retrospective cohort 
study evaluate patients who received a dental 
implant. Patients with a failed implant (outcome 
variable) can then be compared to patients with 
no implant loss.

Cohort studies can evaluate multiple risks at 
once and, with sufficiently comprehensive 
records, may identify “novel” risks. Comparing 
complication rates relative to various risks can be 
done initially by univariate analysis to determine 
the relationship to complications, then by select-

ing those that were significant, and then perform-
ing a multivariate analysis to evaluate the effect 
of confounding factors. An example is a cohort 
study on Straumann implant survival [39]. Male 
gender or autoimmune disease were not expected 
to be factors, but the retrospective analysis found 
these risk indicators to be related to progressive 
bone loss. These risk indicators had not previ-
ously been reported in the literature as risk indi-
cators for implant bone loss. This type of novel 
finding may therefore warrant future prospective 
controlled studies. Another example of this type 
of analysis may be an investigation of complica-
tion rates with bone grafting at the time of implant 
placement. Firstly, data could be extracted from 
other implant procedures where a bone graft was 
also performed, followed by an examination of 
other data from the health record such as smok-
ing, diabetes, penicillin allergy, etc., data on the 
type of graft (e.g. autogenous bone vs. allograft 
bone usage) can be taken from the patient’s chart, 
and finally data on any recorded complications of 
the procedure could be evaluated.

Another example of a novel finding from a ret-
rospective cohort study is the possible relation-
ship of proton pump inhibitors (PPIs) to dental 
implant outcomes [57]. The authors noted that 
PPIs can negatively affect bone accrual, and 
investigated the possible association between 
PPIs and the risk of osseointegrated implant fail-
ure in a retrospective cohort of 1773 dental 
implants in 799 patients treated in a single center 
from 2007 to 2015. They reported a novel risk 
indicator in that subjects using PPIs had a higher 
risk of dental implant failure (HR = 2.73; 95% 
CI = 1.10–6.78).

A final and major advantage of cohort studies 
is that they represent the uncontrolled complex 
multifactorial environment of clinical reality. 
Dental implant failure is potentially a multifacto-
rial phenomenon, so it is very difficult to model 
in a controlled study. Figure 7.3 shows the mul-
tiple factors and interactions between them that 
may affect a given outcome such as implant fail-
ure. Only by evaluating all variables and their 
interactions on implant failure can a true picture 
of implant failure be constructed (Fig. 7.3).
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Fig. 7.3 The complex multivariable environment of clinical implant outcomes

Limitations
Cohort studies are prone to numerous forms of 
bias such as selection, reporting and performance 
bias, and they are also prone to confounding 
errors. Since there is no control to evaluate the 
effect of no treatment or alternate treatment, there 
is the added difficulty that the selected compari-
son groupings in cohort studies are often not suf-
ficiently similar to the treatment group [51]. 
Selection bias in such studies is exemplified by a 
study on the effectiveness of implants in a 
Swedish population [58], where smoking, peri-
odontitis, implant length ≤  10 mm, and certain 
implant brands, showed higher odds ratios for 
early implant loss. However, the following need 
to be considered; how well do the subjects cho-
sen under national dental care in Sweden repre-
sent the more commercial market place 
population in the US dental implant market?; and 
importantly, were the subjects evenly distributed 
between general dentists and specialists within 
this cohort such that the effect of brand could be 
explained by surgical experience?

With reporting bias, clinicians “see what we 
already know,” so examiners may record or report 
findings that align with their beliefs. Performance 
bias can also exist, since subjects are not blinded, 
and the examiner may present the expected out-
come to the subject in a biased manner. For 
example, the clinician may use language such as 
“we now use this improved implant design,” so a 
subject may expect and then report better 
outcomes.

Confounding errors in such studies are 
unknown factors that may develop over the dura-
tion of the study. For example, a study of implant 
design evolution and its relationship to peri- 
implantitis may fail to pick up a reduction of 
smoking in the general population over the same 
time frame, so may ascribe the improved out-
comes related to the newer implant design and 
not to background factors that elevated overall 
outcomes.

The treatment applied is usually nonrandom 
and thus prone to allocation bias. An example of 
this kind of nonrandom allocation is seen as men-
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tioned above in the [58] Derks study, where it is 
possible that dental specialists chose different 
brands of implants than general dentists. The 
reports indicated that the brands used by 
 specialists had a better outcome, but this may be 
due to nonrandom application of different brands 
rather than any actual limitation of the implant 
system itself.

The potential confounders and biases, and 
also the uncontrolled multifactorial nature of 
cohort studies, mean that large-sized cohorts are 
typically required depending on the prevalence of 
various factors. Furthermore, with the long time 
periods typically required, cohort studies are 
prone to higher drop-out rates, especially in open 
cohort studies where the population is not well 
defined, and the follow-up periods may be poorly 
defined or enforced. As such, a difference in out-
come incidence between those who continue to 
participate and those who drop out would also 
introduce bias [25, 54].

Sample Size
Sample size (N) in cohort studies can be either 
advantageous or disadvantageous. Larger sam-
ples are required if the examiners want to do sub-
group analyses, since this further reduces the N 
of a particular group. Large sample sizes are usu-
ally required, particularly if investigating uncom-
mon, rare outcomes, as smaller sample sizes are 
less likely to find significant outcomes [8, 54]. An 
example where a large sample is beneficial is 
implant failure and subgroup analysis. Implant 
failure rate is typically <5% over a 10-year 
period; therefore if the sample is small and there 
are multiple subgroups, the study will lack suffi-
cient power to find a given variable related to the 
failure. A good example of limited power is a 
recent study that evaluated implant survival in 
patients with or without chronic periodontal dis-
ease in a cohort treated by a single clinician from 
2002 to 2011 [59]. The sample of 202 patients 
and 689 implants are small, so unsurprisingly, 
they found no significant difference in survival 
rate (93.1% vs. 95.8% in patients with and with-
out periodontal disease, respectively; p ≥ 0.05). 
Furthermore, most implants (54.9%) were lost 
before loading so the long-term effect of peri-

odontal disease on implant loss was evaluated in 
less than half the cohort. The authors further 
divided the cohort into subclasses of implant 
types, length, and prosthesis design, further 
reducing the N within the study; unsurprisingly 
there was no significant difference between sub-
classes. In such a small cohort over a long period 
other unknown variables such as evolution of sur-
gical techniques, and skill set changes, may have 
affected outcomes. Given the multiple variables, 
both known and unknown, and the small sample 
size of the study it is clear that there was insuffi-
cient power to show any significant outcomes. 
Therefore, the conclusion that it is safe to pro-
ceed in patients with a history of periodontal dis-
ease history may not be justified.

A large sample size has advantages in that it 
best reflects the general population, and thus real 
world outcomes, and can increase precision of 
the result. Large samples are also required to find 
long latency outcomes such as peri-implantitis or 
rare outcomes such as implant fractures. One 
such example is a study of incidence and factors 
associated with implant fracture, which evaluated 
18,700 implants [60]. Indeed, such a large cohort 
was required because even with this large sample 
size there were only 37 fractures. Clearly with a 
fracture rate of 0.002% a large cohort is required, 
so this would be impossible to evaluate in a pro-
spective or controlled trial. The study was also 
able to show that relative risk for implant frac-
tures was greater in posterior sites than anterior 
sites and for screw-retained crowns vs. cemented 
crowns.

Prospective or Retrospective Cohort 
Studies
Cohort studies can be either prospective or retro-
spective (Figs. 7.4 and 7.5). An important feature 
is that cohort studies followed from the present 
into the future are prospective and can therefore 
be tailored to collect specific data or outcomes [8, 
54, 55], while retrospective cohort studies look at 
events from a past time point up to the present [8, 
54, 55]. One major difference is that prospective 
designs can look for causal relationships (risk 
factors) and retrospective designs can only look 
for correlation relationships (risk indicators).
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Fig. 7.4 Prospective cohort observational study design
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Fig. 7.5 Retrospective 
cohort observational 
study design

In a prospective cohort study, investigators 
conceive the study design, recruit subjects, col-
lect baseline data, and follow subjects into the 
future to record outcomes (Fig. 7.4). Investigators 
have well-designed inclusion and exclusion crite-
ria which, in some cases, can be designed to limit 
known risk factors so as to reduce failure rates 

such as not treating smokers or diabetics. 
Investigators must also decide beforehand what 
data to collect and how. If the rates of some out-
comes are low then prospective studies must con-
tinue for long periods to observe a sufficient 
number of cases to reliably estimate incidence. 
Because there is closer follow-up in prospective 
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studies vs. retrospective studies there is a higher 
cost to provide follow-up. As such, these studies 
are typically of shorter duration so may miss rare 
and late-stage complications such as implant 
fracture. They may also not fully reflect 
compliance- related problems with long latencies 
such as peri-implantitis.

By comparison, retrospective cohort studies 
are more time- and cost-efficient. They are typi-
cally done by “chart review,” whereby examiners 
review and extract nonstandardized data from 
existing patient records (Fig.  7.5). Because the 
documentation is sought from existing records 
retrospectively, the retrieval of data is often less 
reliable, with potentially missing or unreliable 
data. Electronic patient records (EPRs) have 
become more commonplace in private practice 
and have the potential to improve the quality of 
retrospective observational studies and may ele-
vate them to be nearly equal to prospective cohort 
studies. EPRs allow multiple parameter entries 
and deep data mining, resulting in less missing or 
unreliable data and, thus, potential blurring of the 
lines between prospective and retrospective stud-
ies. A hybrid design potentially exists, termed a 
“historical prospective cohort,” and is already in 
common usage in medical clinical evaluations 
where detailed electronic patient records have 
been implemented. All treated subjects may now 
represent a potential cohort, and the data can be 
easily entered for every scenario in an easily 
retrievable manner. Analysis can therefore be 
made at multifactorial levels with the precision of 
a prospective study.

Two examples that provide a good comparison 
of a prospective cohort vs. a retrospective study 
can be seen in the prospective study by Van 
Velzen et al. [61] and the retrospective study by 
French et al. (2015) study [39], where the studies 
were similar, and the statistical methodology and 
analysis were by the same author (Dr. Ofec).

In the study by van Velzen et al., implant sur-
gery was performed by the same surgeon in 95% 
of cases. Records were retrieved from 250 par-
tially and fully edentulous patients who were 
enrolled in the study at the outset and received 
treatment with SLA dental implants from 1997 to 
2001. The study evaluated patient factors (smok-

ing, periodontitis, age, gender, and medical sta-
tus), and also recorded implant-related parameters 
such as type, length, and width. They reported a 
10-year survival rate of 99.7% and success rate of 
92.7% [61], based on the Buser (1997) implant 
success criteria [62].

In the French et al. study, implant surgery was 
performed by the same periodontist in all cases, 
and similar patient factors were evaluated, includ-
ing smoking, periodontitis, age, gender, and med-
ical status. As with van Velzen et  al., 
implant-related parameters such as type, length, 
and width were also collected. The report was up 
to 10 years, but the volume of data was limited at 
8- to 10-year period, so survival outcome was 
reported at 7 years with implant-level and patient- 
level survival of 98.4% and 95.9%, respectively. 
These two studies essentially differ only in the 
fact that patient selection and data collection 
were made prospectively from the outset in the 
former study whereas data were retrospectively 
gathered from standardized chart records from 
patients included throughout the period of review 
in the latter.

In summary, retrospective cohort studies are 
less expensive to run and can follow long time 
periods, but are more prone to incomplete data 
compared to prospective cohort studies, which 
define the cohort and variables at outset and 
mobilize resources over a considerable amount of 
time [54]. However, both types of cohort studies 
are prone to attrition rate (loss to follow-up), 
which can increase over time [8, 51, 55].

7.3.2.6  Data Collection, 
Standardization, 
and Evaluation 
for Observational Studies

Data collection is often difficult to plan in a retro-
spective study, since some data collected may 
relate to endpoints that are not yet known or 
understood. In any case, It is critical to establish 
as much standardization as possible in the method 
of collection, within reasonable time limits and 
efficiency, to assist with later data extraction and 
to reduce missing data.

A cohort study of implant therapy analyzed in 
a Swedish population is an excellent example of 
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a large-scale retrospective cohort study with mul-
tiple variables evaluated that is representative for 
the given population [58]. The cohort is described 
as patients who received dental implant therapy 
provided by the Swedish Social system in 2003. 
This cohort was then evaluated by risk exposures 
and outcomes. Multiple risks exposures were 
evaluated simultaneously using multivariate 
analysis, e.g. the impact of smoking vs. non-
smoking could be evaluated, as well as the exis-
tence of periodontal disease history. Retrospective 
cohorts can also allow multiple combined predic-
tor variables to be evaluated, such as implant fail-
ure in patients with both diabetes and smoking. 
Furthermore, multiple outcomes were evaluated, 
such as failure, bone loss, and technical compli-
cations, provided the records were complete. 
Completeness of data is an issue, however; com-
plete data collection is critical in retrospective 
studies, and one of the main weaknesses is miss-
ing data.

For all its strength, however, the Derks study 
has significant areas of missing data, which may 
not have been recorded or retrievable. The authors 
were transparent about this, and some examples 
where data were missing are listed below:

• patent-related data,
 – periodontal disease history (missing data 

from 53% of patients)
 – diabetes status (missing data from 54% of 

patients)
• implant-related data,

 – bone augmentation (missing data from 
14% of implants)

 – implant length (missing data from 9% of 
implants).

Standardized data collection is advocated to 
increase quantity and quality of data retrieval 
over time and from multiple locations. This is 
made easier by EPRs, but this increases the need 
for security as the database is more accessible 
and from remote sources than a comparable paper 
entry system. So-called “back doors” exist in the 
majority of computer softwareHackers use such 
flaws (mistakes written into the lines of code) to 
obtain access, making full data protection nearly 

impossible [63]. Known examples of data 
breaches are epidemic, so it is not enough to try 
to secure data behind passwords or firewalls. 
Nowadays, best practices require that data collec-
tion and data entry is anonymized by use of clini-
cal reference numbers that is separate from name 
or other personal identifiers.

7.3.2.7  Analysis and Interpretation

Data Quality, Missing, or Incomplete Data
Electronic data collection is inescapable. 
Electronic Patient Records (EPRs) provide sev-
eral advantages, such as improving data entry 
reliability and recovery. The potential to merge 
standardized data across multiple centers also 
outweighs the risk of data breach provided it is 
done safely and appropriately.

How can it be done? In the French et al. (2015) 
cohort study the EPR was initiated in 2004 by a 
simple question from a patient, namely “How 
many of implants have been done by the clini-
cian, and how many have failed?”. The answer 
was not immediately available so the literature on 
general outcomes was given, as most clinicians 
would do. However, such broad general quota-
tions do not provide any understanding of out-
comes for the procedure under consideration in a 
given practice, by a specific clinician using a spe-
cific procedure with a specific implant system 
[39]. The question led to the establishment of an 
EPR listing all implant placements using 
Microsoft Access. This was made possible since, 
in 1997, the practice converted to digital radio-
graphs, thus enabling screening of all digital 
X-rays from 1997 to 2004 for implant surgery 
images from this a perform a conventional chart 
review was performed, and data were then 
entered retrospectively for all implant patients. A 
standardized data entry format was thus created, 
which later became part of the electronic patient 
record from 2005 onward (in addition to the con-
ventional chart).

Certain standardized input data were, and con-
tinue to be, applied using an anonymized identi-
fier, i.e. patient factors such as age, medical 
systemic factors (e.g. smoking, penicillin 
allergy), medications; implant factors such as 
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implant type, length, and width; surgical factors 
such as insertion torque, timing of placement, 
timing of loading, graft or sinus lift (including 
both type of procedure and materials used), 
adjunctive or adjacent procedures and date of 
placement; prosthetic factors such as single vs. 
multiple units, screw- vs. cement-retained, stock 
vs. custom abutment, and abutment materials. 
Time output variables are also recorded, such as 
time of stage 2 test, failure (loss of implant), 
radiographic bone scores at all recall opportuni-
ties, soft tissue score using the novel implant 
mucosal index that evaluates degree of bleeding 
and suppuration [64], gingival recession, and 
other negative outcomes such biological or tech-
nical complications (Fig.  7.6). From this stan-
dardized data entry, real-time analysis of any 
input or outcome is available to assist evidence- 

based decisions from real data from within the 
practice. For example, a patient allergic to peni-
cillin may ask how many immediate implants 
with bone graft have been completed and whether 
the outcome is different than with nonallergic 
patients. A field search of EPR for immediate 
placement, penicillin allergy, infection, failure, 
as well as screening any other negative outcome 
files, provides an instant report that is not only 
evidence-based but created from data within the 
actual clinic where the patient will receive treat-
ment. This also helps the clinician form their own 
evidence-based opinion to counter or corroborate 
certain “trends” and expert opinions that may be 
heard at scientific dental implant congresses. One 
published example using the EPR to evaluate a 
“question” is the effect of reported penicillin 
allergy on implant outcomes. In this study by 

Fig. 7.6 Example of input and output variable evaluation
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French and colleagues, outcomes in penicillin- 
allergic patients were evaluated from 5576 
implant surgeries. It was found that for immedi-
ate implant placement, penicillin-allergic patients 
had ten-fold higher failure rates than nonallergic 
patients. Most failures were early postsurgical 
failures related to infection, since penicillin- 
allergic patients had a higher infection rate of 
3.4% compared to 0.6% in the nonallergic group 
(P < 0.05) [65].

The same data can be evaluated more broadly 
using the entire cohort to assess multiple vari-
ables and multiple outcomes. This kind of 
detailed electronic patient record made possible a 
four-part research series on dental implants 
placed over a 10-year period, as reported in a 
multivariate survival analysis [39], a bleeding 
and bone score analysis [64]. Data collection 
which was completed efficiently as part of daily 
practice routine, and with minimal effort pro-
vided the base for one of the largest comprehen-
sive multivariate survival analysis reports from a 
single center in private practice [39]. The study 
was comprehensive in terms of the investigated 
explanatory variables, which were grouped into 
the following categories: implant-related; 
surgery- related; prosthesis-related; and, patient- 
related. A visual description of investigated vari-
ables can be seen as extracted from the study 
[39].

7.3.3  Going Forward: A Proposal 
for Data Collection 
Standardization and Protocols

There is a need to standardize and facilitate data 
collection from private practice. This could allow 
for large comprehensive observational clinical 
studies conducted in the form of an “in-line case 
series” collected from clinical centers in cities 
and countries worldwide [66].

To reflect the realities of clinical practice, the 
inclusion criteria should be broad. The following 
broad inclusion criteria is therefore suggested for 
in-line case series: males or females at least 
18 years old, who have signed an informed con-
sent form and implant placement in a center that 

is enrolled and trained as part of the in-line case 
series and who voluntarily consent to anonymous 
data collection and are willing to attend follow-
 up appointments. Similarly, to provide the most 
valuable and broad clinical outcomes analysis, 
the exclusion criteria should be limited to: preg-
nant women or systemic disease that precludes 
dental implant therapy such as ASA class 3 or 4 
[67], alcohol or drug abuse, and conditions or cir-
cumstances that would, in the opinion of the 
investigator, prevent completion of study partici-
pation. Patients who are smokers, or who have 
inadequate oral hygiene or periodontal disease 
history, physical or mental handicaps, parafunc-
tional bruxism, clenching or apnea, can and 
should all be included; however, this additional 
information should be recorded under patient- 
related parameters to allow multifactorial evalua-
tion on outcomes. Similarly, local exclusion 
criteria should be limited to areas with untreated 
endodontic or otherwise infected sites, and his-
tory of local irradiation therapy in area. 
Periodontal disease patients with probing pocket 
depth of ≥5 mm adjacent to the dental implant, 
bone augmentation procedure at the implant site, 
or immediate or early placement should also be 
included and recorded for any potential effect on 
outcomes. If there is no implant primary stability, 
this too can be included and tracked accordingly.

There is no currently accepted standard for 
minimum data that should be collected, nor is 
there a standard for outcomes analysis such as 
measurements or indices used. Most offices do 
not collect any systematic implant outcomes, and 
the few that do usually only record such events 
and implant placement and implant loss. As a 
minimum, more detailed outcomes than implant 
failure would be beneficial. We therefore propose 
a minimum input collection for centers who wish 
to collect data. These can be broken down to 
patient, implant, surgical and restorative 
parameters.

Patient parameters should include anonymous 
patient identifier and date of birth or age at time 
of placement, and basic medical parameters that 
are already established as risk factors, including 
diabetes, prior periodontal disease, smoking 
(duration and amount). Certain other medical 
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conditions could be evaluated depending on the 
depth of the study; these may include medica-
tions of bisphosphonates, SSRI antidepressants, 
steroids for autoimmune conditions, and PPI ant-
acid medications. Implant parameters should 
include implant brand, type and dimensions 
(length and width). Surgical parameters should 
include implant location (FDI number), insertion 
torque, timing of placement (e.g. immediate vs. 
conventional), implant loading (e.g. immediate, 
early or conventional delayed [68].

Minimum follow-up data should include out-
comes after time of implant placement, such as 
infection or membrane exposure. Stage 2 param-
eters should then be recorded including implant 
stability and bone score. Restorative data can be 
entered at this time with a minimum recording of 
splinted vs. nonsplinted, cement- vs. screw- 
retained, and abutment type. Subsequently, after 
a minimum of 1 year after placement, recorded 
outcomes should include survival and as well as 
success criteria at yearly intervals. Success crite-
ria can be partly based on the Buser et al. 1990 
classification [69], i.e. successful if all of the fol-
lowing success criteria are met: absence of per-
sistent subjective discomfort such as pain, foreign 
body perception and or dysaesthesia (painful sen-
sation); absence of a recurrent peri-implant infec-
tion with suppuration; absence of implant 
mobility on manual palpation and absence of any 
continuous peri-implant radiolucency.

Bone score data (bone loss) on periapical 
radiographs should also be included with stan-
dardized reference points as per French et al. [64] 
or bone level or tissue level designs. To assess 
changes in interproximal bone levels, standard-
ized periapical radiographs of the treated areas 
will be taken. Standardization of the radiographs 
will be achieved as a minimum using a parallel 
technique with Rinn holders and, if possible, 
individual silicon bite registrations [70]. 
Radiographs must be of high enough quality and 
definition to identify the bone contours in ques-
tion. It is not essential that the apical end of the 
implant is visible on the radiograph, but at least 
two threads of the implant should be visible. 
Evaluation of radiographs should be performed 
using a computer image analysis software (e.g. 

Image J, National institutes of Health (NIH), 
Bethesda, MD, USA) or similar digital measure-
ment system, calibrated to the known distance 
between the implant threads or implant length.

Bleeding on probing should use an ordinal 
scale such as the proposed Implant Mucosal 
Index [64] instead of a binary yes/no analysis, 
since implants are prone to false positive bleed-
ing [71]. Suppuration is already included in this 
index so is not then reported separately. Pocket 
depth can vary based on abutment type and tissue 
biotype so baseline data at stage 2 and annually 
can use a threshold value such as <5 vs. ≥5 mm 
to facilitate ease of data entry and comparison 
rather than recording each depth value at each 
recall [72].

Today, most offices only record very limited 
data. The reasons for this are several fold:

 1. The collection of standardized data can be 
very time-consuming exceeding the time of 
surgery.

 2. In private practices the cost of data collection 
is not remunerated with the implant treatment 
fee.

 3. Data exchange across offices is typically lim-
ited to treatment data and not outcome data.

 4. Finally, little consensus which data to collect 
exists.

To assist in achieving a minimum of standard-
ized data collection and to facilitate the enroll-
ment of centers, a series of analog or digital 
forms have been developed.

Another very promising solution is a special-
ized software that records and shares standard-
ized clinical data. Standardized parameters and 
logical checks can ensure data quality and com-
parability of data sets. Using QR scanners to scan 
the product codes reduces errors as well as the 
time to enter data. The fact that data a stored in a 
central register allows more efficient data 
exchange between practices. Once the center is 
enrolled and standard training on the recording 
process has been completed, data can be col-
lected and is immediately available.

Using a cloud set up like this reduces the lia-
bility for (local) software maintenance, allows 
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sharing of patient records, provides real-time 
analysis of postmarket research, collaboratively 
answers questions that require large datasets, 
identifies trends in terms of treatment variation 
and geographic or subject variations, and create 
internal benchmarking of different individuals.

Such a system is at an advanced stage of 
development at the Straumann Group (Basel, 
Switzerland) and can already be accessed by den-
tal professionals: https://www.straumann.com/
myregistry

In the future, data entry systems can and will 
be more integrated into the flow of daily practice, 
and with this, the quality of data entry will 
increase, and cost of data entry will decrease 
compared to chart reviews that are currently 
used. With the aim of patient safety, most dental 
offices in the next few years will merge their 
patient records with state healthcare systems to 
provide better knowledge of general patient 
health, disease status, and medications used. This 
will be combined with ever-increasing dental 
EPRs that include more than just treatment per-
formed and fee allocated, but also outcomes and 
standardized outcome analysis. All this can then 
be field searched and evaluated for relationships. 
In a solo practice, this will greatly increase the 
ability to understand clinical outcomes and pro-
vide clinicians with real-time measures of their 
performance, but if multiple centers use the same 
systems and then merge their data, this will pro-
vide massive datasets from which to improve sta-
tistical power and increase external validity by 
removing the confound of “one provider’s” skill, 
environment or habits [73].

7.4  Conclusion: A New Paradigm 
for Clinical Investigations 
in Implant Dentistry—Real- 
World Evidence

Between the scientific measurements based on 
RCTs and the benefit measurements at two levels 
of cost in the community there is a gulf which has 
been much underestimated—Archie Cochrane, 
Effectiveness and Efficacy: Random Reflections on 
Health Services, 1972

Real-world evidence is generated not from 
data collected in conventional clinical trials, but 
from personal medical records and other elec-
tronic health records, disease registries, insur-
ance company databases (e.g. as reported by 
Derks et  al. (2015) [55]) clinical databases in 
hospitals and private practices, healthcare agen-
cies, pharmacies, laboratories, pharmaceutical 
and medical device companies or national and 
patient surveys.

The use and importance of this type of data 
has dramatically increased in recent years and 
has become more and more critical to answer 
new questions and support decisions by e.g. regu-
latory agencies because they are collected from 
many different kinds of patients and can there-
fore provide a robust longitudinal cross-section 
of outcomes and issues with a particular interven-
tion. However, it should be borne in mind that 
such data may be incomplete, especially regard-
ing outcome measurements. It should also be 
remembered that diagnosis data, for example, 
may not be completely accurate, and depends on 
the source. Nevertheless these data allow for an 
analysis of “real world outcomes,” i.e. patients 
experiencing a therapeutic outcome (dental 
implant) in a real-world setting (private dental 
practice).

A wider adoption of such outcomes and evi-
dence depends on a number of factors, not least 
of which are alignment on outcomes and access/
generation of data. Tonetti and Palmer proposed 
several outcome domains that could be used to 
help align standardized outcomes in implant den-
tistry [1]: patient-reported outcomes, e.g. health- 
related quality of life, general satisfaction, 
peri-implant tissue health, e.g. marginal bone 
level, tissue inflammation, probing depth, and 
performance of implant-supported restorations, 
e.g. longevity (survival), function/occlusion out-
comes, technical complications.

The future could be to elaborate study designs 
including usability testing based on the new con-
cept of an “in-line standardized clinical case 
series,” which is foreseen to provide real-world 
evidence in implant dentistry but in a more stan-
dardized form [66]. In a nutshell, patients at a 

7 Clinical Investigations in Implant Dentistry: Experimentation Versus Observation and the Future…

https://www.straumann.com/myregistry
https://www.straumann.com/myregistry


132

small group of geographically close clinics 
receive the same treatment/intervention for the 
same indication in a short space of time. Unlike 
clinical trials, patients can be treated by expert 
implant surgeons but also by more general dental 
practitioners because surgeons and surgical teams 
are “calibrated” so that all preparation and surgi-
cal procedures are carried out the same way in all 
clinics, with standardized follow-up and out-
comes measurement. Thus providing real-time 
evaluation of large-scale clinical outcomes.
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8Translational Aspects in Living 
Mammalian Organisms

J. Blanco-Carrion, A. Liñares, and F. Muñoz

8.1  General Definition 
of Translation

It is necessary to understand and not confuse con-
cepts such as translation, translational research, 
translational medicine and translational 
dentistry.

The translation, or more correctly the trans-
lability, corresponds to the degree of correlation 
between preclinical study outcomes and clinical 
situations in humans. It refers to the clinical pre-
dictability [1].

Translational Research is considered a prior-
ity for the National Institutes of Health (NIH). 
But what do we mean by translational research? 
For many, the term refers to the “bench-to- 
bedside” taking advantage of knowledge from 
basic sciences to produce new products, drugs, 
devices and treatment possibilities for the 
patients. In this field of research the main out-
come is the generation of a promising new treat-
ment that can be used in clinical practice or 
commercialized (“brought to market”) [2]. This 
initiative is crucial and has been characterized as 
follows: “effective translation of the new knowl-
edge, mechanisms and techniques generated by 
advances in basic science research into new 

approaches for prevention, diagnosis and treat-
ment of disease is essential for improving health” 
[3]. For others—particularly health services 
researchers and public health investigators whose 
studies focus on health care and health as the pri-
mary outcome—translational research refers to 
translating research into practice, i.e., ensuring 
that new treatments and research knowledge 
reach the patients or populations for whom they 
are intended and are implemented correctly. The 
production of a new drug, an end point for 
“bench-to-bedside” translational research, is only 
the starting point for this second area of research 
[2]. The difference between these two concepts 
of translational research was articulated by the 
Institute of Medicine’s Clinical Research 
Roundtable [4], which described two “transla-
tional blocks” in the clinical research work and 
which some now label as T1 and T2. The first 
roadblock (T1) was described by the roundtable 
as “the transfer of new understandings of disease 
mechanisms gained in the laboratory into the 
development of new methods for diagnosis, ther-
apy and prevention and their first testing in 
humans.” The roundtable described the second 
roadblock (T2) as “the translation of results from 
clinical studies into everyday clinical practice 
and health decision making.”

Another concept that emerges in the literature 
is Translational Medicine, which primary goal is 
to integrate the corresponding findings and capa-
bilities for optimizing patient outcomes, preven-
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tion, screening and therapy of disease and 
improving health policy altogether [5]. The his-
torical “benchside” concept of translational med-
icine emphasized translating laboratory 
discoveries into practical clinical applications 
that would benefit the patient [6]. Such a unilat-
eral concept focused on benchside expertise only 
and missed the crucial feedback from bedside, 
which is as equally important as benchside. 
Translational medicine next evolved into a 
 “two- way bridge” concept [7]. In addition to his-
torical benchside concept, the benchside–bed-
side–benchside concept involves returning the 
clinical findings to research labs to redefine or 
create new hypothesis-driven research efforts 
which might result in innovative discoveries. 
Since many clinicians are often overburdened or 
unfamiliar with research techniques and infra-
structure, there can be a considerable communi-
cation and even cultural gap between clinicians 
and basic scientists. In addition to clinical trial 
data (when they are available), clinical publica-
tions in the form of case reports constitute a good 
resource to transmit bedside findings back to the 
bench, but this process is often difficult and case 
reports remain isolated in their clinical fields. 
While this two- way bridge terminology (bedside 
to benchside and back) is currently quite popular, 
it still misses an important aspect of the health 
care cycle, the community, represented by healthy 
populations and patients as well as by medical 
practitioners. From the start, the European 
Society for Translational Medicine (EUSTM) 
realized the need for a clear, comprehensive and 
concise definition of Translational Medicine 
(TM) that would also apply globally, across 
nations, markets and disciplines. Accordingly, 
EUSTM defines Translational Medicine as an 
interdisciplinary branch of the biomedical field 
supported by three main pillars: benchside, bed-
side and community. The goal of TM is to com-
bine disciplines, resources, expertise and 
techniques within these pillars to promote 
enhancements in prevention, diagnosis and thera-
pies. While benchside and bedside are already 
well understood, EUSTM puts an equal emphasis 
on the “community” pillar, as community is the 

actual end user for all TM interventions and thus, 
a key stakeholder [5].

Embedded within its fundamental tenets, 
Patient Protection and Affordable Care Act [8] 
argues in favor of translational health care. The 
translational perspective in the health sciences 
consists of two independent yet intertwined fac-
ets of the same coin: the concerted and comple-
mentary contribution of translational research 
and translational effectiveness in improving the 
health care process [9].

Evidence-based dental practice, as one essen-
tial component of translational healthcare, is a 
patient-centered, effectiveness-focused and 
evidence- based endeavor, which commences 
with the patient-clinician encounter at the diag-
nostic stage and culminates in the patient- 
clinician encounter during the entirety of the 
treatment prognostic and follow-up stages [10–
13]. As a translational science of healthcare, 
evidence- based dental practice consists of two 
primary facets:

 1. Translational research: emerging from the ini-
tial patient-clinician encounter, biopsies and 
clinical tests are obtained to define and charac-
terize the fundamental biological pathways 
that underlie the observed physiopathology.

 2. Translational effectiveness: also emerging 
from the initial patient-clinician encounter, 
fundamental criteria are isolated by the clini-
cian to discern the clinical literature that per-
tains specifically to the type of patient 
affliction (P), the possible interventions (I) 
and comparators (C), the desired clinical out-
come (O), within the timeline under consider-
ation (T) and the selected clinical settings (S). 
The crafted PICOTS question reveals the 
medical subject headings (MeSH) and key-
words needed to uncover the pertinent clinical 
trials, observational studies and systematic 
reviews. Once obtained, the peer-reviewed 
evidence is assessed and evaluated for level 
(i.e., type of study) and quality (i.e., risk of 
bias). The consensus of the best evidence base 
results from a cogent analysis of the evidence 
ranked by level and quality.
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We cannot forget another important pillar in 
the way of developing a new material or tech-
nique. When one of these are to be introduced 
successfully, efficiently and effectively across a 
wide range of geographical and professional set-
tings, there must be careful consideration of how 
dental education (across the range from the den-
tal graduate, the dental team and continuing edu-
cation) can equip new and current practitioners 
with the information and skills to best use these 
new materials as they are introduced and evolve.

8.2  Importance of Parallel 
and Complementary Study 
Designs

Nowadays, practical contemporary medicine fol-
lows stringently the scientific method in the pro-
cess of validating efficacy and effectiveness of 
new or improved modes of treatment interven-
tion. These complementary or alternative inter-
ventions must be validated by stringent research 
before they can be reliably integrated into 
medicine.

Evidence-based research (EBR) in medicine, 
as conceived by A. Cochrane, must not be con-
fused with medicine based on research evidence. 
EBR is a research movement in the medical sci-
ences based on the application of the scientific 
method. It seeks the conscientious, explicit and 
judicious identification, evaluation and use of the 
best evidence currently available. It is a system-
atic process whose purpose is to congeal the best 
available research findings with patient history 
and laboratory test results in order to optimize the 
process of making decisions about the care of 
each individual patient. Medicine based on the 
evidence, in contrast, is the traditional approach 
to medical treatment. It rests on long-established 
existing medical traditions, supplemented by 
individual pieces of evidence provided by the 
medical exam (e.g., history, test results), which 
may or may not have undergone adequate or suf-
ficient scientific scrutiny.

The use of animals in scientific research 
remains a vital tool in improving our understand-
ing of how biological systems work both in health 

and disease, and in the development of new medi-
cines, treatments and technologies. Underpinning 
this research is a strong commitment to maintain-
ing a rigorous regulatory system that ensures that 
animal research is carried out only where no 
practicable alternative exists and under controls 
that keep suffering to a minimum. This is 
achieved through robustly applying the principles 
of the 3Rs (replacement, reduction and refine-
ment) to all research proposals involving the use 
of animals.

Replacement refers to technologies or 
approaches which directly replace or avoid the 
use of animals in experiments where they would 
otherwise have been used.

Reduction refers to methods that minimize the 
number of animals used per experiment or study 
consistent with the scientific aims.

Refinement refers to methods that minimize 
the pain, suffering, distress or lasting harm that 
may be experienced by research animals, and 
which improve their welfare.

Study designs are implemented in order to 
produce new evidence, and depending of the kind 
of studied outcome different designs are applied.

Parallel studies on animals and humans have 
been conducted for years in order to prove that 
translational research works. However, in many 
occasions, results achieved in animal research are 
no corroborated in human studies.

8.2.1  Observational Human Clinical 
Studies vs. Observational 
Animal Studies

An observational study is a nonexperimental trial 
where current behavior is simply observed with-
out intervention. A clear example of humans is to 
assess the effect of smoking on implant patients.

Two major observational studies are case- 
control and cohort trials. Cohort studies can be 
prospective or retrospective. Prospective studies 
are carried out from the present time into the 
future. Because prospective studies are designed 
with specific data collection methods, it can be 
tailored to collect specific exposure data and may 
be complete. The disadvantage of a prospective 
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Fig. 8.1 Peri-implantitis model in beagle dogs

cohort study may be the long follow-up period 
while waiting for events or diseases to occur. 
Thus, prospective cohort studies are difficult to 
implement on animals, unless disease initiation 
and/or progression can occur early. This may 
appear in the peri-implantitis animal model stud-
ies, since early disease can be initiated by the 
application of ligatures around implant necks.

Retrospective cohort studies, also known as 
historical cohort studies, are carried out at the 
present time and look to the past to examine med-
ical events or outcomes. This can be designed on 
humans, and may bring up new scientific hypoth-
esis; however, retrospective cohort studies in ani-
mals are rare due to mainly ethical issues, short 
lifespan, care and cost.

Lindhe & Berglundh developed, in 1992, the 
peri-implantitis model in beagle dogs [14]. This 
model assesses the effect of plaque on initiation 
and progression of peri-implantitis. This design 
is proof of the principle that infection leads to 
peri-implant bone loss. Briefly, this model applies 
ligatures (i.e., 3-0 silk) after normal implant heal-
ing (2–3 months). These ligatures will accumu-
late plaque and will induce inflammation in the 
soft tissues surrounding the implant. This inflam-
mation will turn later into the bone loss. Some 
designs replace ligatures every month until 
around 30% of bone loss has been achieved. This 

is what it is known as ligature-induced peri- 
implantitis, since this is not a “normal” infection 
but also a foreign body reaction. To assimilate 
what occurs in natural progression on humans, 
these ligatures are removed and leave a normal 
progression or remission of the established dis-
ease without any plaque control. This period may 
last from 4 to 12 months. The following image 
represents this model and the potential outcomes 
over time (Fig. 8.1).

Observational studies on human clearly show 
that peri-implantitis occurs in a high number of 
patients [15], and the role of plaque and bacteria 
has a major impact on this disease [16]. However, 
time is needed in order disease occurrence. This 
issue is sorted in animal studies applying that 
kind of ligature to speed up the initiation of the 
disease.

8.2.2  Experimental Human Clinical 
Studies vs. Experimental 
Animal Studies

Although observational studies can be applied to 
animal research, nowadays due to ethical issues, 
animals are used mainly to test treatment out-
comes rather than observational designs. This 
turns into the category of experimental studies.
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An experiment is a procedure carried out to 
support, refute, or validate a hypothesis. 
Experiments provide insight into cause and effect 
by demonstrating what outcome occurs when a 
particular factor is manipulated.

Experiments typically include controls, which 
are designed to minimize the effects of variables 
other than the single independent variable. This 
increases the reliability of the results, often 
through a comparison between control measure-
ments and the other measurements.

In example, continuing with peri-implantitis, 
once the model mentioned above is applied, an 
experimental study can be performed in order to 
test treatment options.

In implant therapy, human studies evaluated 
the effect of immediate impact placement after 
tooth extraction [17]. It was thought that after 
extraction, an implant could counteract the bone 
resorption process if the device is applied at the 
same moment of tooth removal. Later on, a 
model was designed to test if the implant could 
prevent the normal bone resorption process after 
tooth extraction [18]. This experimental study 
showed clearly that the dynamics of bone 
resorption after tooth extraction occur in a simi-
lar manner if the implant is placed into a socket 
immediately or no placement. In fact, clinical 
studies on humans clearly show that this process 
also occurs [19].

Thus, it seems that animal experiments may 
be extended to human trials in a parallel way, and 
last ones bearing out the outcomes achieved in 
preclinical studies. Implant dentistry has evolved 
dramatically in the last two decades, thanks to 
animal research trials feeding up evidence-based 
healthcare approaches.

8.3  Choice of the Experimental 
Model in Implant Dentistry

8.3.1  Introduction

Development of an optimal interface between 
bone and orthopedic or dental implants has taken 
place for many years. Schmidt et al. defined an 

ideal bone–implant material as having a biocom-
patible chemical composition to avoid adverse 
tissue reactions, excellent corrosion resistance in 
the physiologic milieu, acceptable strength, a 
high resistance to wear, and a modulus of elastic-
ity similar to that of bone to minimize bone 
resorption around the implant [20].

In vitro tests of toxicity and cytocompatibility 
have been widely used, avoiding the indiscrimi-
nate use of animals. However, in vitro character-
ization is not able to demonstrate the tissue 
response to materials or the loading conditions. 
This means that in vitro studies can be difficult to 
extrapolate to the in vivo situation [20]. That is 
because animal models play an indispensable 
step in the testing of implants and biomaterials 
for understanding their characteristics related to 
osteoconductivity, biocompatibility, mechanical 
properties, degradation and interaction with host 
tissues [21].

8.3.2  Animal Selection

No particular animal model of a usage test for 
dental implant systems has yet been validated as 
relevant to the human situation [1]. Various fac-
tors have to be considered for selecting a specific 
animal model. Firstly, the model should demon-
strate physiological and pathological analogies in 
comparison to humans. Second, it must be able to 
operate and observe numerous subjects over a 
short period of time. Finally, details as cost for 
acquisition, care, availability, acceptance for soci-
ety, tolerance to captivity and ease of housing are 
important in the selection of the model [20, 21].

In other words, the researcher must establish a 
series of points before definitively decide what 
animal use as model in implant dentistry: (1) eth-
ics, (2) genetics, (3) transport, housing and 
related animal behavior, (4) anesthesia procedure 
and cardiovascular stability, (5) bone anatomy 
and structure, (6) jaw and mouth anatomy, (7) ali-
mentation and chewing process, (8) periodon-
tium and soft tissues histology, (9) oral hygiene, 
(10) type of defect: induced (acute or chronic) or 
spontaneously occurring [1].
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Although the specific anatomy is quite differ-
ent between these species and humans, the tissue 
response to periodontal disease and gingival 
recession is quite similar [22]. However, it is 
important to keep in mind that the results obtained 
from an animal trial do not allow any direct cor-
relations and conclusions concerning human situ-
ations or treatments to be drawn [1].

Dog, sheep, goat, pig and rabbit models are 
commonly used to evaluate bone–implant 
 interactions (Fig. 8.2). The most used models for 
implantation are the miniature pig maxilla and 
the rabbit femur [23]. In many situations, multi-
ple model systems will be required to establish a 
broad body of knowledge [20].

It is important to consider the size of the 
implants to test, number per animal, duration of 
the test and expected biological differences [21]. 
Guidelines are provided for the dimensions of 
implants for in vivo studies, based on the size of 
animal and bone chosen and on the implant 
design, in order to avoid pathological fractures 

[20]. We recommend the use of ISO 10993-6 as 
reference guide.

8.3.3  Remarks 
and Recommendations

 1. Handling animals is difficult and complica-
tions may occur. The most frequent are during 
anesthesia and the infection of the wound.

 2. The use of young animals may bring serious 
complications, covering the implant totally 
and finally placed inside the bone marrow. If 
the oral approach is used, the definitive teeth 
will displace or remove the implants with fatal 
results for the study.

 3. Older animals or miniature pigs with a slower 
rate of growth are recommended [23].

 4. It is extremely important that control implants 
should be of a material already in clinical use 
and should allow the outcome data to be 
related to existing products [20].

a

b

c

d

e

f

Fig. 8.2 Bone structure of different species used in dental research. (a) human, (b) pig, (c) sheep, (d) dog, (e) rabbit 
and (f) rat

J. Blanco-Carrion et al.



143

 5. About bone composition, density and func-
tion, the dog and pig are the species most 
closely to human situation [20].

 6. Katranji studied the thickness of the cortical 
bone in different regions of maxillary and 
mandibular bone in human cadavers, observ-
ing great differences in the edentulous or den-
tate maxilla and mandible [24]. Based on the 
differences of bone–implant contact (BIC) 
between cortical and trabecular bone, studies 
should be accompanied by details on the ratio 
between compact and spongy bone at the site 
of implantation [23].

8.3.4  Animal Species and Bones 
Used in Experimental Dental 
Implantology

8.3.4.1  Rodents
One of the most used models thanks to its size, 
easy handle and cost. Recently, mice were used 
to evaluate the effects of condensation on peri- 
implant bone density and remodeling, showing 
very interesting results [25]. In addition, rats are 
the most used animals for studying tooth move-
ment [26].

Transgenic technologies are critical to identi-
fying the function of a specific gene that may par-
ticipate in bone development, remodeling, repair 
and diseases. Mice have a well-developed trans-
genic system, which provides a powerful tool for 
researchers to study the molecular mechanisms. 
That makes mice very useful for evaluating the 
early stage tissue response of biomaterials [27].

The main limitations of model are the small 
size of the long bones and thin and fragile corti-
ces, making rodents unsuitable for testing multi-
ple implants simultaneously or the evaluation of 
commercial human-size implants [20].

In addition, rodents have significant dissimi-
larities with the human bone. Alveolar bone is 
denser and does not show Haversian-type remod-
eling in the cortex [21]. The osteoid tissue along 
the alveolar bone surface in rats is less, and the 
calcium concentration is more controlled by 
intestinal absorption [26].

The most used models in rodents have been 
the distal femur (rat, 2  mm diameter; mice, 
0.8 mm) and calvarial defects (rat, 8 mm; mice, 
4 mm) [21, 27].

8.3.4.2  Rabbits
Rabbits are one of the most commonly used ani-
mal models, mainly for studies of biocompatibil-
ity of implants and biomaterials. Rabbits offer 
advantages over large animal models by reaching 
skeletal maturity at a relatively early age 
(6  months) and advantages over rodents by 
undergoing more secondary osteonal remodeling 
[28]. In addition, are easily available and 
handling.

However, this species shows the least similari-
ties to human bone [20, 23] and its small size lim-
its the assessment of multiple defect evaluations 
[21]. Rabbits also have relatively fatty bone mar-
row which is not ideal for autogenous bone grafts 
[28].

About bone remodeling, in comparison with 
other species, the rabbit has faster skeletal change 
and bone turnover. This makes difficult to extrap-
olate the results, but are very used for screening 
implant materials prior to testing in a larger ani-
mal model [21].

8.3.4.3  Canine
The dog is one of the more used large animal 
models for dental research. There is a consider-
able amount of literature about a comparison 
between canine and human bone. However, there 
are increasing ethical issues relating to the use of 
dogs in medical research due to their status as 
companion animals [20, 23].

Regarding macrostructure, there may be some 
discrepancy in the size, but the dimensions of 
dental implants and equipment fits well to the 
size of the most utilized breeds. As differences, 
the masticatory movements are limited to vertical 
direction.

While adult human bone has a secondary 
osteonal structure, canine bone is found to have a 
mixed microstructure comprising predominantly 
secondary osteonal bone in the center of cortical 
bone, but with, what is called plexiform or lami-
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nar bone in the areas adjacent to the periosteum 
and endosteum. It is formed more rapidly than 
secondary osteonal tissue, but provides greater 
mechanical support than woven bone. The min-
eral density of canine bone is higher than human 
bone and supports better compression than 
human [20].

About remodeling, we can find important dif-
ferences. Usually humans have a lower rate of 
remodeling, but there is highly variable between 
bone sites. With regards to cortical bone, we can 
find an 18% of annual turnover rate in ribs and 
less than 1% in long bones, and varies with age, 
showing an age related decrease in bone remod-
eling activity [20]. In dogs, the bone regeneration 
rate runs faster than in humans (dog, 1.5–2.0 mm/
day; human, 1.0–1.5 mm/day).

The dog presents a natural susceptibility to 
accumulate biofilm and suffer from periodontitis, 
being the model of choice for research in peri-
odontal surgery [1].

8.3.4.4  Pigs
Swine constitutes one of the major animal spe-
cies used in translational research, surgical mod-
els and procedural training and is increasingly 
being recruited as an alternative to the dog or 
monkey in biomedical research. Since the early 
1990s has been established as a standard for stud-
ies on bone regeneration around dental implants 
or bone substitutes [1] because of their heter-
odont dentition with incisors and molars only 
slightly larger than humans [29].

Commercial breeds of pigs are difficult to 
handle, mainly for its large size, noisy and some-
times aggressive. The development of miniature 
breeds has made possible its use [20, 21]. Adult 
miniature pigs generally weight about 40 kg [1] 
and have a complete knowledge of the anatomy 
of the skull focused on the dental research [29].

Pigs are considered to be close representative 
models of human bone regeneration processes 
with regard to bone anatomy, morphology, heal-
ing capacity, remodeling, mineral density and 
concentration [21]. While having a denser tra-
becular network, the pigs have a lamellar bone 
structure and mineralization rate similar to 
humans [20]. In addition, pigs mimic the masti-

catory movements of humans. Its bone regenera-
tion rate (1.2–1.5 mm/day) is comparable to that 
of humans (1.0–1.5 mm/day). However, recently 
has been observed that Göttingen Minipigs 
younger than 21  months have not ended the 
development of the bones of the jaw [29]. That 
fact should be taken into account and use animals 
older than 21 months of age.

8.3.4.5  Sheep/Goats
Since the 2000s, sheep and goats have increased 
its use as a model, probably related to the ethical 
issues and negative public perception of using 
companion animals for medical research [20]. 
The sheep are considered the ideal model for 
sinus lift elevation research [30].

Adult sheep and goat offer the advantage of 
possesses a body weight similar to adult humans. 
This makes them especially suitable for testing 
human orthopedic implants and prostheses [21]. 
Goats are reported to be more tolerant to ambient 
conditions than other species such as sheep [20].

Mineral composition is similar to human, 
except in young animals [20]. About bone struc-
ture, sheep have similar macrostructure to 
human [21], and the repair rate is comparable to 
humans [28]. However, the rate at which a bone 
graft is vascularized and converted into a vital 
trabecular structure is found to be faster in the 
goat, occurring at approximately 3  months in 
comparison to 8  months in humans [20]. 
Histologically is very different, having a signifi-
cantly higher trabecular bone density and more 
strength compared to humans. Adult sheep have 
a plexiform bone structure comprising a combi-
nation of woven and lamellar bone within which 
vascular plexuses are sandwiched. Remodeling 
becomes more prevalent with age [20, 21]. It is 
important to be cautious because the age differ-
ences may make comparisons between studies 
difficult [22].

8.3.4.6  Nonhuman Primates
The nonhuman primate (NHP) is considered as 
the most accurate and reliable model in implant 
dentistry research. In particular, the baboon was 
a model exceptionally suitable for dental 
research [1].
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In European Union (EU), the use of nonhu-
man primates for scientific purposes is governed 
by Directive 2010/63/EU on the protection of 
animals used for scientific purposes [31]. The 
directive sets the standards for the use of animals 
for scientific purposes across the EU. The use of 
nonhuman primates should be permitted only in 
those biomedical areas essential for the benefit of 
human beings, such a potentially life-threatening 
conditions or debilitating conditions. Testing the 
safety of medical devices in animals such as 
NHPs before they are introduced in human clini-
cal trials is required for both ethical and legal rea-
sons. However, very few medical devices need to 
be tested in NHPs. Researchers should provide 
an accurate description of the benefits, harms to 
animals and limitations of such research and be 
realistic about the potential outputs and impacts 
[32].

8.3.5  Ethical

Dental implant surgery in animals is a surgery 
that penetrates and exposes a body cavity, or pro-
duces substantial impairment of physical or 
physiological functioning, or involves extensive 
tissue dissection, or has the potential to produce a 
permanent handicap in an animal. Therefore, the 
highest awareness must be raised by all involved 
parties [1].

Evaluating surgical methods or implants in 
animals is a relatively recent concept in medi-
cine. For centuries new surgical procedures or 
medical treatments were tried immediately in 
patients and, therefore, became a sacrifice to the 
goal of medical progress. From the eighteenth 
century, the use of animals was rapidly standard-
ized, mainly for the study of anatomy and physi-
ology. However, human experimentation 
followed until the mid-twentieth century. One of 
the causes was the modern warfare that created 
the needed of replacement or repair of major 
body parts [22]. After the Second World War, 
Nuremberg Code (1947) [33] and later the 
Declaration of Helsinki (1964) [34] established 
the bases for the use of animals and humans as 
experimental subjects. In the case of humans is 

firstly considered the “Voluntary Consent” as 
mandatory and consider that all experiment 
should be designed and based on the results of 
animal experimentation. In these years, many 
advances were made in the surgical disciplines 
and many devices were tested on animals, pro-
longing and improving the quality of life in many 
millions of patients.

In recent years, professional efficacy and gen-
eral safety rules generated scientific and govern-
mental efforts to formalize bench trials and 
animal testing as a prerequisite for the use of 
implantable materials and devices in patients. 
This made the development of regulations and 
reports to protect the animals and humans used as 
subjects of research.

All this regulations were developed, in the 
case of the animals, thanks to the efforts of peo-
ple involved in the cause of the animal rights. 
The first steps were given in the own scientific 
community. These were the principles of 
replacement, refinement and reduction that 
were published in 1959 by Russell and Burch 
[35]. Later appeared a movement emerged 
among the people headed from Departments of 
Philosophy of the Universities in the 70s. The 
argument is based in that the boundary between 
human and animal is completely arbitrary and 
that the animals have to be treated with respect. 
This fact makes not ethically acceptable the 
investigation on animals in most cases. The 
most renowned authors of the movement were 
Peter Singer [36] and Tom Regan [37]. Its ideas 
were gaining widespread in society and the sci-
entific community. The supporters have got that 
the governments changed the regulations for 
the use of animals in research to follow the 
principles of 3Rs.

8.3.6  Regulatory Affairs

Before any dental implantable device reaches the 
marketplace and thereafter must be evaluated to 
protect the public from unsafe and ineffective 
products, once done, regulatory agencies will 
approve the use before it can be marketed and 
used clinically.
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Two major regulatory schemes dominate the 
global requirements: CE certification (EU) and 
FDA registration (510k, USA). Regulations of 
other countries are based on these and often have 
additional requirements [38]. The Food and Drug 
Administration (FDA) and the European 
Medicines Agency (EMA) are the national agen-
cies that are in charge of the regulations on these 
categories.

US Federal agencies related to dental implants 
and biomaterials include FDA (Food and Drug 
Administration), NIST (National Institute of 
Standards and Technology) and NIDCR (National 
Institute of Dental and Craniofacial Research, 
Department of Health and Human Services, 
National Institute of Health).

In Europa, directive 93/42/EEC covers the 
placing on the market and putting into service 
medical devices, including dental materials and 
implants. In the United States, most devices fol-
low the abbreviated premarket notification pro-
cess, also known as 510k.

The time required to generate a new product 
and bring it to market was estimated between 2 
and 10 years, depending on the novelty. Taking a 
totally new material to market can take a very 
long time, and costs may be seen as prohibitive.

In order to determine whether a newly devel-
oped implant or material conforms to the require-
ments of biocompatibility, osseointegration, 
mechanical stability, and safety, it must undergo 
rigorous testing both in  vitro and in  vivo [20]. 
Really these tests are considered as a pretransla-
tional model because they lack clinical direct 
application. These preclinical studies may be 
conducted in laboratories at universities and in 
industry according to established procedures and 
standards. It should be noted that all tests must be 
conducted according to carefully constructed 
protocols that have to include appropriate con-
trols [39].

The biocompatibility of a dental material can 
be evaluated following the guidance and methods 
described in the ISO 10993 series of documents 
(Biological evaluation of medical devices) and 
ISO 7405 (Dentistry–Preclinical evaluation of 
biocompatibility of medical devices used in den-
tistry–Test methods for dental materials). 

Usually, the animals used are rodents or rabbits, 
suitable for an evaluation of biocompatibility. 
The guides cover all the aspects related to the 
procedure, preparation of samples, size of 
implants and maximum number of implants 
placed in each animal depending on the specie.

In addition, to evaluate the influence of func-
tional stress to a dental implant system may be 
useful to work with the ISO/TS 22911 (Dentistry–
Preclinical evaluation of dental implant systems–
Animal test methods). According to ISO 22911, 
the selected animal species should meet the fol-
lowing criteria [1]:

• Oral hygiene can be maintained, either natu-
rally or artificially.

• The jaws are of sufficient size to allow normal 
surgical access and to accommodate the dental 
implant system in its form intended for use in 
humans.

• The site where the dental implant system is to 
be placed should have opposing teeth.

• The animals should be skeletally mature if 
appropriate for its intended use.

• Animals having a nonherbivorous pattern of 
masticatory jaw movement are preferable.

If these recommendations are followed, then 
the only models suitable for the evaluation of ISO 
22911 would be the adult swine, canines and 
nonhuman primates. These can mimic human 
physiology. If the functional loading is not evalu-
ated, the adult sheep and goats may be an inter-
esting option.

In resume, first we will evaluate our device in 
aspects as cytotoxicity and fatigue using physical 
methods and cellular cultures. If the device 
passes this test, we will evaluate the biocompati-
bility over animal species like rodents or rabbits. 
Finally may be necessary to evaluate the function 
in an oral environment.

8.3.7  Main Experimental Models

These studies are focused on resolving a clinical 
problem or on the knowledge of the biological 
facts that surround a pathologic process. We will 
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try to reflect the nature of the human disease in an 
animal or experimental model.

Over the years, it has been found that human 
systems resemble similar systems in various ani-
mal species. However, no species fulfills all 
requirements of an ideal model [23]. The animal 
model should have consistently reproducible fea-
tures that simulate an analogous homologous 
condition where the biomaterial would be used in 
man.

The decision regarding which animal model to 
use for a specific study must come from an exten-
sive review of the literature based on evidence- 
based preclinical and clinical data. This review 
must be related not only to the intended applica-
tion of the new device to be implanted or tech-
nique developed but also to the physiology and 
comparative animal anatomy of the studied spe-
cies. All this must refer to its final relation and 
applicability to the target species: humans [1, 
22]. It has to be clearly stated that the intended 
study should not duplicate an already existing 
one [1].

In all cases (regulatory or experimental mod-
els), all protocols should adhere to ISO 10993-1 
and to 3R international protocols. In the United 
States of America, the welfare and housing of 
animals is usually covered by a Federal Animal 
Protection Act. Researchers should use the 
“Guide for the care and use of Laboratory 
Animals” [40]. In European Union, all proce-
dures are mandatory to follow the directive 
2010/63/EU [31]. These rules may slightly vary 
between countries, usually being more restrictive 
in European Union, in terms of space available 
per animal. These guides include rules for:

• The replacement and reduction of the use of 
animals in procedures and the refinement of 
the breeding, accommodation care and use of 
animals in procedures.

• The origin, breeding, marking, care and 
accommodation and killing the animals.

• The operations of breeders, suppliers and 
users and the specific requirements for 
personnel.

• The evaluation and authorization of projects 
involving the use of animals in procedures.

• Minimum requirements in terms of housing 
dimensions, lighting, flooring, etc.

The main experimental models used in animal 
research in terms of implants therapy and applied 
into Translational Research are:

• Implant osseointegration process.
• Immediate implant placement.
• Peri-implantitis therapy.
• Bone regeneration around implants.

8.3.7.1  Implant Osseointegration 
Process

Implantology has evolved in the last 60 years. 
Clinicians placed dental implants according to 
standard protocols based on few histological 
studies and observational studies; however, the 
dynamics of early bone healing after implant 
placement were unknown. Berglundh et al. [41] 
established a beagle model that assessed early 
healing events after implant placements in 
healed sites. Basically, lower premolars were 
removed, and implants were placed after 
3  months of healing. Sacrifice of animals was 
performed after different time points, showing 
that after 2  months of healing, the bone-to-
implant contact was around 80%, and then the 
prosthetic loading could be delivered. This 
study translated to clinicians waiting shorter 
times for loading, challenging the classic load-
ing protocols with longer healing times for load-
ing. Thus, patients were acknowledged due to 
shorter times for function and esthetics. With 
this model, later on different implant surfaces 
could be tested in terms of osseointegration. In 
fact, it was shown that rougher implant surfaces 
osseointegrate faster and reach higher levels of 
bone-to-implant contact in comparison to 
smooth surfaces [42], so they shortened treat-
ment times. With basic science proof, studies 
were conducted in humans in order to assess the 
impact of these new rough surfaces on early 
implant loading. In fact, experimental studies in 
humans corroborated the animal findings. Early 
and immediate loading could be provided to 
patients if a minimum level of primary stability 
was achieved. This is a clear example of experi-
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mental animal research translated to experimen-
tal human research and consecutively to daily 
practice.

8.3.7.2  Immediate Implant Placement
The animal model on immediate implant place-
ment was developed by Araujo et  al. [43] in 
order to study if an implant could prevent the 
normal bone resorption process that occurs after 
tooth extraction. This hypothesis comes from 
patient preferences for shorter treatment times 
on implantology as potentially improved esthetic 
outcomes. This experiment conducted primarily 
in large animal as beagle dogs consists in remov-
ing the lower premolars 3 and 4 after flap eleva-
tion and teeth hemisection. After that, the 
implants are placed into the sockets (mainly dis-
tal sockets), and flaps are repositioned in a non-
submerged healing approach. After 6 months of 
healing, the animals are sacrificed, and buccolin-
gual sections are prepared for histological analy-
sis. This study showed that after that period of 
time, buccal bone is lost partially, thus, implants 
are not able to prevent bone loss. In fact, cohort 
studies in humans [19] showed that immediate 
implant placement might lead to buccal bone 
loss and soft tissue recession with unsightly out-
comes. Thus these parallel and similar outcomes 
lead researchers to search for improved results 
with these kinds of procedures. Similar animal 
models were used to study the effect of flapless 
[44], immediate loading [45, 46], implant diam-
eter [47], the use of grafting materials [48] or 
connective tissue grafts [49]. The most impor-
tant factors of those investigations that led to the 
almost prevention of the alveolar bone resorp-
tion on immediate implant placements were 
placing a small diameter implant and filling the 
resulting buccal gap defect with a bone graft. In 
fact, a randomized clinical trial in humans 
showed that filling the buccal gap with a bone 
replacement graft reduced the horizontal bone 
resorptive changes occurring in the buccal bone 
after the immediate implantation in fresh extrac-
tion sockets [50]. Thus, it seems that animal 
models on immediate implant placement show 
good parallelism with experimental human stud-

ies and are therefore implemented in daily clini-
cal practice.

8.3.7.3  Peri-Implantitis Therapy
The peri-implantitis animal model established by 
Lindhe & Berglundh in 1992 has been used 
extensively with small modifications in order to 
test therapeutic approaches to this disease [14]. 
Two main research fields have been performed. 
The first was to treat the infection surgically and 
disinfect the implant surface. The second model 
was developed more toward bone reconstruction 
techniques in infected peri-implant defects. 
Nowadays, it is an increasing problem with peri- 
implantitis lesions, and no high levels protocols 
of treatment have been advocated. Moreover, dif-
ficulties in designing good experimental human 
studies may lead to low level of evidence with 
this challenging problem. Recruitment of high 
number of patients is a tough task. Thus, clini-
cians rely on experimental studies performed so 
far. Since this is an infection problem, and daily 
mechanical plaque control is unusual in animals, 
no promising results are expected in animal 
research. The peri-implantitis model is good for 
testing different implant systems and/or surfaces 
on the behavior once peri-implantitis. In fact, it 
was clearly shown that rough surfaces speed up 
the progression of peri-implantitis with also infe-
riority treatment outcomes with respect to smooth 
surfaces [51–53]. Animal studies are urgently 
needed to test therapeutic disinfection approaches 
as reconstructive. Basically, the experimental 
model can be used to establish the disease and 
then surgical procedures in order to test antiseptic 
agents on the implant surfaces and bone grafting 
materials with or without membranes in order to 
assess the level of reosseointegration.

8.3.7.4  Bone Regeneration Around 
Implants

Implant placement can be a challenge in many 
circumstances due to alveolar bone loss. 
Clinicians try to augment this bone loss in width 
and/or height simultaneously or before implant 
placement. Principal Guided Bone Regeneration 
(GBR) was tested in the late 80s [54]. After that, 
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different animal models have been designed in 
order to assess bone regeneration in vertical and/
or horizontal dimension. One of the first animal 
experiments developed was the capsule model. In 
this mainly, in the calvarial or the lower border of 
the mandible in rats, the Teflon capsule was 
placed to leave an empty space between the bone 
and the soft tissue. With this experiment, it was 
demonstrated that bone could grow extra skele-
tally. This is the principle of membrane applica-
tions, but this kind of trail cannot be tested in 
humans. The most common model applied in ani-
mal research for bone regeneration and applied 
also in humans is the dehiscence model. This imi-
tates what occurs in clinical practice when after 
implant placement, a dehiscence bone defect 
appears at the coronal aspect of the implant. 
Controlled clinical studies showed GBR proce-
dures may successfully promote bone formation 
in dehiscence and fenestrations around one and 
two-stage implants [55, 56]. The biological prin-
ciples of this kind of defect have been tested in 
animals, mainly in dogs and mini pigs models, 
where dehiscence, contained and noncontained 
can also be regenerated in a different manner 
when facing different implant surfaces [57, 58]. 
This kind of implant defect can be acute; this is 
produced at the same time as implant placement, 
or chronic defects, where in early surgery, most 
of the buccal bone plate is removed in order to 
create later on a dehiscence defect that is chronic. 
The acute defects show self-regenerated areas 
after some healing time; thus, the dehiscence 
chronic defect is the most acceptable one and 
resembles what occurs in clinical situations.

8.3.8  Quality Control (GLP, GCP, 
GCLP)

The formal, regulatory, concept of “Good 
Laboratory Practice” (GLP) originated in the 
USA in the 1970s because of concerns about the 
validity of nonclinical safety data submitted to 
the Food and Drug Administration (FDA) in the 
context of New Drug Applications (NDA). The 
inspection of studies and test facilities revealed 

instances of inadequate planning and incompe-
tent execution of studies, insufficient documenta-
tion of methods and results, and even cases of 
fraud. The GLP regulations provided the basis for 
assurance that reports on studies submitted to 
FDA would reflect faithfully and completely the 
experimental work carried out.

The GLP are ruled that all the assays have to 
follow to keep the quality and reproducibility of 
the procedures. They may evaluate a part of the 
procedure or the complete assay and are indepen-
dent of the site where studies are performed. 
They apply to studies planned and conducted in a 
manufacturer’s laboratory, at a contract or sub-
contract facility, or in a university or public sec-
tor laboratory.

On the international level, the Organization 
for Economic Cooperation and Development 
(OECD) assembled an expert group to formulate 
the first OECD Principles of GLP [59]. A number 
of OECD Member Countries have incorporated 
these Principles into their national legislation, 
notably the amendment of the European Union in 
Commission Directive 1999/11/EC to the 
Council Directive 87/18/EEC, where GLP had 
first been introduced formally into European leg-
islation. Internationally, compliance with GLP is 
a prerequisite for the mutual acceptance of data.

The purpose of the Principles of Good 
Laboratory Practice is to promote the develop-
ment of quality test data and provide a tool to 
ensure a sound approach to the management of 
laboratory studies, including conduct, reporting 
and archiving. The Principles may be considered 
as a set of standards for ensuring the quality, reli-
ability and integrity of studies, the reporting of 
verifiable conclusions and the traceability of 
data. The Principles require institutions to assign 
roles and responsibilities to staff in order to 
ensure good operational management of each 
study and to focus on those aspects of study exe-
cution (planning, monitoring, recording, report-
ing and archiving) that are of special importance 
for the reconstruction of the whole study.

Depending on national legal situations, the 
GLP requirements for nonclinical laboratory 
studies conducted to evaluate drug safety, includ-
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ing medical devices for human use, cover the fol-
lowing classes of studies:

• Single dose toxicity.
• Repeated dose toxicity (subacute and chronic).
• Reproductive toxicity (fertility, embryo-fetal 

toxicity and teratogenicity, peri-/postnatal 
toxicity).

• Mutagenic potential.
• Carcinogenic potential.
• Toxicokinetics (pharmacokinetic studies 

which provide systemic exposure data for the 
above studies).

• Pharmacodynamic studies designed to test the 
potential for adverse effects (Safety 
pharmacology).

• Local tolerance studies, including phototoxic-
ity, irritation and sensitization studies, or test-
ing for suspected addictive and/or withdrawal 
effects of drugs.

Good Clinical Practice (GCP) is an interna-
tional ethical and scientific quality standard for 
designing, conducting, recording and reporting 
trials that involve the participation of human sub-
jects. Compliance with this standard provides 
public assurance that the rights, safety and well- 
being of trial subjects are protected, consistent 
with the principles that have their origin in the 
Declaration of Helsinki [60].

Good Clinical Laboratory Practice (GCLP) 
applies those principles established under GLP 
for data generation used in regulatory submis-
sions relevant to the analysis of samples from a 
clinical trial. At the same time, it ensures that the 
objectives of the GCP principles are carried out. 
This ensures the reliability and integrity of data 
generated by analytical laboratories [61].

8.3.9  Economic Aspects

It has to take into account that the procedures that 
involve any assay have a high cost, and that has 
three main facts. First, all procedures that involve 
the use of animals usually ended with the dead or 
serious malfunctions of them; second, the instal-

lations and handling of the animals are expensive 
because they have to cover strict conditions of 
temperature, humidity and isolation. Finally, 
complementary tests may be as expensive as ani-
mal experiments.

A laboratory evaluation of bone-tissue pro-
cessing has unique characteristics, such as a more 
demanding fixation, the need for heavy-duty 
microtomes, saws for tissue sectioning and grind-
ers for improve the final result. The existence of 
implants adds complexity to the process. Actually, 
histology and histomorphometry are the gold 
standards for evaluating the biocompatibility of a 
biomaterial or dental implant. In addition, it is a 
time-consuming technique with a cost more 
expensive than the decalcified preparation of 
samples.

Bone-tissue evaluation using microCT has 
been recently introduced in dentistry. This tech-
nique offers the evaluation of the bone–implant 
interface automatically. This reduces work times. 
However, the perpendicular position of the 
implant during the scanning has to be very accu-
rate. In addition, some biomaterials are not easily 
detected because their radiographic density is 
very similar to the surrounding bone. The high 
cost of the equipment makes difficult its use as a 
routine technique, but it will become a standard 
in the future years.

Other methods used for the evaluation of sam-
ples involved in animal studies are microbiologi-
cal (cultures and PCR assays), the detection of 
proteins and other substances involved in the 
mechanisms related to bone healing and 
inflammation.

8.3.10  Publications

In recent years, most of the indexed publications 
requires authors of preclinical animal studies 
submit with their manuscript the ARRIVE guide-
lines checklist [62]. These guidelines consist of a 
checklist of 20 items describing the minimum 
information that all scientific publications report-
ing research using animals should include, such 
as the number and specific characteristics of ani-
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mals used, details of housing and husbandry; and 
the experimental, statistical and analytical meth-
ods. These guidelines were developed to maxi-
mize the output from research and should be 
enough information to allow the experiment to be 
repeated. Anesthesia practice and specific surgi-
cal protocol should be included in the publica-
tions to make sure that animal welfare is well 
established.

Editors should carefully evaluate whether 
these items were reported at an adequate level 
that allows the evaluation of bias without contact-
ing the authors of the studies to get the “extra” 
information.

8.4  Management 
of the Translational Chain

8.4.1  Successive and/or 
Complimentary Investigations 
(In Vitro, In Vivo, Human)

The evaluation procedure of a new medical 
device starts by examining the device with iso-
lated cells in vitro, and continues by implant-
ing it into multi-cellular organism’s in vivo [1]. 
It is clear, however, that in vivo models com-
pared with in  vitro studies provide distinct 
advantages in the understanding of the com-
plex molecular, cellular and tissue reactions 
that occur in response to the device. This 
development is based on the understanding of 
the etiology of the disease, its progression and 
the general principles of tissue healing. 
However, knowledge in these areas does not 
necessarily allow conclusions about safety and 
efficacy of the device investigated. This situa-
tion is reflected by the regulatory approval 
agencies such as the European Medicines 
Agency, the US Food and Drug Administration, 
and other international bodies that demand a 
sequence of preclinical evaluations before clin-
ical studies can be conducted. Based on these 
demands, preclinical studies pave the way for 
clinical studies that lead to the approvals for 
new medical devices [63].

Strategically positioned between materials 
science and clinical research, preclinical research 
offers a necessary field of expertise to investigate 
the device behavior in contact with living organ-
isms (cell or animals) in order to assess and 
understand the host response. Preclinical studies, 
particularly in animals, constitute a prerequisite 
to accumulate knowledge under reproducible and 
standardized biological conditions, progressing 
to human trials at a larger stage. These evalua-
tions end up, therefore, with long-term prospec-
tive and controlled-randomized clinical trials.

It is important, however, to keep in mind that 
the results, as they stand, obtained from an ani-
mal trial, although translational, do not allow any 
direct correlations and conclusions concerning 
human situations or treatments to be drawn [1, 
64]. Nevertheless, well-designed animal studies, 
and consequently properly implemented animal/
experimental reproducible models, will enhance 
translational prospects for the corresponding 
human surgical treatment of interest. Planning a 
preclinical study to test a new medical device 
requires decisions about animal species, the 
defect type, study endpoint and study duration. 
An animal study finds its strength if correlated in 
advance with other animal trails belonging to the 
same synergic program. This implies a progres-
sive, complimentary, successive and incremental 
approach including studies with different animal 
and experimental models that complement each 
other and allow discrimination through compari-
son. The selection of preclinical models usually 
takes the phylogenetic tree into consideration; 
however this can be hampered by the differences 
in anatomy and healing characteristics between 
small and larger animals.

Very important is to distinguish between ani-
mal and experimental model, where animal 
model refers to a nonhuman living animal with 
an inherited, naturally acquired, or induced 
pathology process or lesion, and beyond the ani-
mal model itself, but part of it, is the experimen-
tal model. This is defined as the association of an 
animal type used for a particular surgical proce-
dure that is to elicit a particular defect at a spe-
cific anatomical site [1].
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Furthermore Sah and Ratcliffe [65] claimed 
that there is a substantial need for improved and 
standardized animal models for tissue engineer-
ing and regenerative medicine, and that animal 
model, especially large animal models, are criti-
cal to the preclinical step of translating research 
from bench to chair-side.

8.4.2  Speed and Efficiency (from 
the Bench to the Dental Chair)

Despite a major interest in translational research, 
development of new, effective medical interven-
tions is difficult. Of 101 very promising claims of 
new discoveries with clear clinical potential that 
were made in major basic science journals 
between 1979 and 1983, only five resulted in 
interventions with licensed clinical used by 2003 
and only had extensive clinical use [66]. In an 
analysis done by Contopoulos-Ioannidis and co- 
workers [67], they examined key milestones in 
the life cycle of translational research, for inter-
ventions claimed to be effective in at least one 
study that received over 1000 citations in the lit-
erature in 1990–2004, on the basis of the Web of 
Science. Out of 49 articles with more than 1000 
citations, they selected 32 interventions for spe-
cific indications, and they could place the mile-
stone of when their first highly cited clinical 
study was published. They considered this an 
important time point in the translational process 
and estimated how long (“translation lag”) it had 
taken from the initial discovery of each interven-
tion to reach that point. Highly cited status does 
not necessarily mean that these interventions 
continue to be considered as effective as pro-
posed in the original highly cited papers. By the 
end of 2006, the effectiveness of 19 interventions 
had been replicated by other subsequent studies 
(n = 14) or had remained unchallenged (n = 5), 
whereas the other 13 had been either contradicted 
(n  =  5) or found to have had initially stronger 
effects (n  =  8) when larger or better controlled 
subsequent studies were performed. To place 
each discovery in time, they identified the year 
when the earliest journal publication on prepara-
tion, isolation, or synthesis appeared or the earli-

est patent was awarded (whichever occurred 
first). Overall, the median translation lag was 
24  years (interquartile range, 14–44  years) 
between first description and earliest highly cited 
article. This was longer on average (median 44 
vs. 17  years) for those interventions that were 
fully or partially “refuted” (contradicted or hav-
ing initially stronger effects) than for nonrefuted 
ones (replicated or remaining unchallenged). 
Their analysis clearly documents the long length 
of time that passes between discovery and 
translation.

More recently McNamee and co-workers [68] 
addressed the long path from initiation of research 
on novel drug targets, to approval of drugs based 
on this research. They examined timelines of 
translational science for 138 drugs and biologi-
cals approved by the FDA from 2010 to 2014 
using an analytical model of technology matura-
tion. Research on targets for 102 products exhib-
ited a characteristic maturation pattern with 
exponential growth between statistically defined 
technology initiation (calculated as the date of 
maximum acceleration of publication activity, 
corresponding to the beginning of a period of 
exponential growth) and established points (cal-
culated as the point where exponential growth 
ends, and there is maximum slowing of publica-
tion activity). The median initiation was 1974, 
with a median of 25  years to the established 
point, 28 years to first clinical trials, and 36 years 
to FDA approval No products were approved 
before the established point, and development 
timelines were significantly longer when the clin-
ical trials began before this point (11.5 vs. 
8.5 years, p < 0.0005). Technological maturation 
represents the longest stage of translation, and 
significantly impacts the efficiency of drug devel-
opment. The evidence suggests that the ineffi-
ciency in the early stages may be limiting the 
pace of translational science. This work empha-
sizes the importance of considering the complete 
timeline of translational science from the initial 
insights or inventions that give rise to a new tech-
nology, through to the launch of new products 
based on these technologies. The observation that 
the median time from target technology initiation 
to first clinical entry was 3–4 times longer than 
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the timeline of clinical development, suggests 
that initiatives aimed at strategies for accelerating 
technology maturation could have a proportion-
ally greater effect on the rate of translational sci-
ence tan those aimed exclusively at clinical 
development. Thus, research aimed at under-
standing the dynamic nature of technology matu-
ration and its relationship to successful product 
development should be a high priority. The 
 present observations point to the critical impor-
tance of consistent funding for nascent stage 
technologies to ensure their continued, unim-
peded maturation; and also, to the need for closer 
alignment between the basic and applied science 
that contributes to the maturity of technologies, 
and the strategic needs of the product develop-
ment [68].
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9Biomechanics of the Radicular 
Component of Endosteal Implants

E. A. Bonfante, D. Bordin, E. T. P. Bergamo, 
I. S. Ramalho, S. Soares, and P. G. Coelho

9.1  Introduction

Variables in implant reconstructions often involve 
so many combinations of implant materials and 
dimensions, abutment designs, and restorative 
options that are designing sound randomized 
controlled clinical trials (RCTs) to answer spe-
cific questions regarding osseointegration and 
survival of restored implants represents a signifi-
cant challenge due to the need of large population 
samples for statistical significance and longer 
follow-ups than commonly presented. In addi-
tion, if one considers the prolificacy of the dental 
implant literature, it has been shown that 63% of 
published clinical trials in this field have been 
found as having a risk of bias for not presenting 
funding source, and of major concern is that 

industry sponsored trials do present significantly 
lower (4.8 times) annual failure probability when 
compared with nonindustry sponsored trials [1]. 
Although very unfortunate, such outcome was 
expected some point after the acknowledgment, 
over 20 years ago, of a shift in implant dentistry 
from a science-oriented field to commodity 
development [2]. With the increasing number of 
competing dental implant companies, some 
traded in the stock exchange, and dental implant/
restorative market anticipated to reach U$17 bil-
lion in 2025 [3], efforts have been directed not 
only in the standardization of the success criteria 
in implant dentistry [4] but also in comprehen-
sively reporting the results from RCTs [5]. Lastly, 
the fact that most clinical studies in the dental 
implant literature commonly report simple suc-
cess rates (usually upwards of 95%), instead of 
cumulative survival rates, becomes alarming 
given that such rates are inflated and not truly 
representative of the real outcomes [6].

As expectations that trial design in implant 
dentistry will continue to develop, as it did in 
medicine, with challenges for improvement 
already presented elsewhere [7], well-designed 
preclinical assessments of dental implants 
become paramount when more rapid responses 
are demanded. However, preclinical studies from 
virtual to in  vitro and in  vivo simulations also 
demand robust effort in designing and selecting 
reproducible models. A Nature’s survey recently 
alarmed that 70% of experiments, in general, 
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could not be reproduced, leading to what is cur-
rently called as “reproducibility crisis” [8]. What 
the majority of respondents believed to be the 
solution for improved reproducibility included: 
(1) more robust experimental design, (2) better 
statistics and (3) better mentorship. Therefore, in 
implant dentistry, it is important that besides 
these three factors, research groups create an 
informed database with robust and standardized 
methodology so accurate and sound comparisons 
can be performed for system’s improvement to 
eventually benefit the patient population.

Interestingly, whereas commercially pure tita-
nium and its alloys as well as ceramic dental 
implants have all been shown to osseointegrate, 
the interplay between dental implant bulk design 
and related surgical instrumentation dimension 
(hardware) will dictate healing pathways, eventu-
ally altering bone remodeling and long-term 
mechanical properties [9]. However, the method-
ology used to assess variations from macro to 
nano features in the implantable device as well as 
the surgical technique, can seriously overlook 
outcomes and underestimate short and long-term 
results.

The in  vitro biomechanical assessment of 
implant systems has endeavored to serve as a pre-
clinical assessment of their performance in some 
methodologies. As previously suggested, if 
research data from standardized testing is gath-
ered under the same methodological approach, 
then bona fide comparisons between restored 
implants can be made. In the dental implant sce-
nario, once restored, the implant system becomes 
a complex comprised by prostheses and abut-
ments that can be of a variety of materials and 
configurations where different combinations 
eventually affect performance [10]. Within this 
context, biomechanical evaluations should ide-
ally be made in systems that simulate the final 
restored dental implant. Since titanium and its 
alloy failures are mainly derived from fatigue 
[11], this chapter will concentrate on such meth-
ods. Also, considering that norms (e.g., ISO 
14801) serve in general as invaluable tools for 
industry for regulatory and even marketing pur-
poses, eventually increasing population welfare, 

its use to move forward original cutting-edge 
research may be complementary rather than 
essential.

9.2  In Vitro Mechanical Testing 
Methods

Mechanical testing should be designed either to 
characterize material’s properties or to simulate 
the performance of implants, prostheses, and 
prosthetic components, where clinically relevant 
failures can be reproduced [12]. Therefore, it is 
important that the testing equipment simulates 
mandibular movements and that applied load 
ranges are compatible with the ones reported in 
the literature in different regions of the mouth 
[13]. During jaw closure two phases are observed 
in the early chewing stages prior to swallowing: 
(1) Fast closure until teeth come into contact with 
the food bolus; and (2) Slow closure phase where 
resistance is provided by the food, increasing the 
masticatory muscle activity according to bolus 
consistency [14, 15]. A masticatory cycle takes 
approximately 1  s (1 Hz) [16]. Although maxi-
mum voluntary bite force varies depending on 
type of prosthesis, antagonist, gender, age, and 
location in the mouth [13], its value may predict 
worst-case loading conditions.

The most commonly used mechanical in vitro 
testing methods and analysis are described in the 
following sections.

9.2.1  Single Load to Failure (SLF)

In the single-load-to-failure method, a sample 
failure is analyzed by applying increasing static 
load until fracture. A force/displacement curve is 
acquired for an individual specimen and the maxi-
mum load at failure is reported. Controlled speci-
men preparation and geometry may lead to SLF 
testing where invaluable information can be gath-
ered for understanding of materials properties 
such as strength and fracture toughness (e.g., ISO 
6872, ASTM C 1161  - 02). However, a robust 
body of dental literature has used the SLF test, 
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where the calculation of surface contact stresses 
at failure is commonly not presented. Considering 
that “strength” is defined as the stress at which 
failure occurs, the reported load at failure data is 
seldom related to the stresses resulting in the fail-
ure itself [17]. Moreover, restorations are 
 subjected to repeated lower intensity loads during 
function that lead to cumulative damage, and not 
to a ramping force until fracture, usually resulting 
in higher failure values in SLF compared to 
fatigue [18], which should not be correlated with 
bite forces available in the literature for survival 
predictions. In function, forces could vary from 
150 to 800N [19]. Most critical is that SLF testing 
does not simulate clinical failures [18].

One important use of SLF is as a tool for ini-
tial screening and designing of fatigue tests, as 
subsequently discussed. However, its use solely 
to report load at failure data is highly discouraged 
since almost 20 years [17, 20].

9.2.2  Initial Concepts on Fatigue

Fatigue is the process of progressive localized 
permanent structural change occurring in a mate-
rial subjected to conditions that produce fluctuat-
ing stresses and strains at some point or points 
and that may culminate in cracks or complete 
fracture after a sufficient number of fluctuations 
[21]. The mode of stress or strain may be static 
(remains constant with time), dynamic (applied 
at some constant rate), or cyclic (stress or strain 
magnitude varying with time) [22]. Considering 
that drawing stress cycle diagrams (S-N, Wöhler 
curves) for a large number of samples to ensure 
safety at use level may be exceedingly time- 
consuming, alternative methods have been devel-
oped, as discussed in this chapter.

The flaws present in implants and prostheses 
materials act as stress raisers with far-field 
stresses concentrated, at a microscopic scale, 
near the edge of each flaw [23]. A certain stress 
intensity factor is associated with each flaw and 
is dependent on the far field stresses and the 
degree of stress concentration:

 K Y aI = σ  (9.1)

where KI is the stress intensity factor (MPa m1/2), 
Y is the stress intensity shape factor related to the 
location and shape of the crack (unitless), σ is the 
far-field stress (MPa), and a is the flaw size (μm). 
The implant-prosthesis complex will fracture 
when the stress intensity factor surpasses a criti-
cal level. The inherent property of materials to 
resist propagation of an existing crack or flaw is 
known as fracture toughness [24].

Given that fractures of the implant-prostheses 
complex may be expected at some point [25], 
demanding maintenance, it becomes evident that 
the strength and reliability of restored systems 
degrade over time after being installed. Fatigue 
failure usually consists of crack initiation, 
growth, and ultimate failure. This process is 
known as subcritical crack growth (SCG) where 
flaws grow over time under the presence of a 
stress intensity factor below the critical level until 
both flaw size and stress level result in a stress 
intensity factor that exceeds the fracture tough-
ness of the material. Two subcritical crack growth 
mechanisms, namely stress corrosion and cyclic 
fatigue, may run simultaneously or individually 
[26, 27]. In most biomedical ceramics, SCG has 
been attributed to stress corrosion at the crack tip, 
or at any preexisting defect in the ceramic, asso-
ciated with cyclic fatigue. Stresses at the crack tip 
and the presence of water or body fluid mole-
cules, temperature, and other extraneous vari-
ables (reducing surface energy at the crack tip), 
results in the rupture of the metallic oxide bonds 
of the material, with the subsequent formation of 
hydroxides [28–30]. Thus, as a consequence of 
stress corrosion, a defect may reach its critical 
size and result in fast fracture [31]. Specific fea-
tures during slow crack growth have been com-
prehensively presented in a crack velocity (V) 
versus KI diagram describing three stages, each 
with a distinct power law that can fit the speed at 
which a crack propagates when stressed [28]. In 
region I, the environmental species react with the 
ceramic bonds at the crack tip leading to stable 
crack propagation. Region II, which is insensitive 
to applied stress, is associated with increasing 
crack velocities and environment species being 
unable to reach the crack front-tip. Region III is 
associated with fast fracture and then with KIC 
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[28]. Since cyclic fatigue is a mechanical phe-
nomenon that refers to load oscillation leading to 
crack propagation [32], it is paramount that 
mechanical testing also simulates the environ-
ment condition (water or artificial saliva) to more 
accurately provide information regarding slow 
crack growth and fatigue life or limit.

Cyclic fatigue predominates in alpha titanium 
(Ti) alloys grades 1 and 2 (ASTM F67), whereas 
variations in Ti composition, such as the increased 
oxygen interstitial weight concentration, increases 
the susceptibility of grade 4 to stress corrosion 
cracking in aqueous media [33–35]. Failure anal-
ysis of human retrieved samples corroborate the 
main role of fatigue in Ti and its alloys [36], as 
subsequently discussed. When subjected to cyclic 
fatigue, the fluctuating stress intensity factor 
degrades the fracture resistance of the material in 
front of or in the wake of the crack tip [37]. 
Therefore, strength degradation in metals is elic-
ited from cold working leading to increased brit-
tleness at the atomic scale, and the velocity of 
slow crack growth caused by cyclic fatigue is 
determined by the crack shape and size, range of 
stress fluctuation, ratio of minimum to maximum 
stress and frequency of cycling [38, 39]. 
Commercially pure titanium implants, for 
instance, have a higher probability of fracture 
when fatigued at 2 Hz compared to 30 Hz for up 
to 106 cycles [40]. According to the ISO-14801, 
testing frequency should be no more than 15 Hz, 
which corroborates with literature findings that a 
loading frequency of up to 15 Hz does not influ-
ence the number of cycles to failure relative to 
2 Hz [39]. A detailed characterization of the effect 
of cycling frequency in the lifetime and failure of 
existing and upcoming implant materials is war-
ranted to support fatigue testing parameters.

Efforts to understand failures through analy-
ses of human-retrieved titanium fractured sam-
ples are modest but increasing. Analysis of 
fractured retrieved commercially pure Ti and 
Ti-6Al-4V dental implants unequivocally showed 
that fatigue is the main failure mechanism lead-
ing to failure where corrosion processes are likely 
involved in the crack formation and/or propaga-
tion process [41]. A large retrieval study of 
implants removed due to peri-implantitis showed 

that 62% of them presented several flaws in the 
thread and neck region, evidenced by the pres-
ence of full cracks (over 0.5 mm crack extension) 
and crack-like defects (25–100 μm length) [36]. 
Those cracks predominated in commercially pure 
titanium grade 2 compared to Ti-6Al-4V implants 
and have been reported to be the embryos for 
fatigue crack nucleation that eventually leads to 
implant fracture [41].

Regarding the role of corrosion and fatigue on 
the failure of Ti dental implants, it has been 
shown that Ti-6Al-4V implants had fatigue per-
formance reduced when tested in artificial saliva 
compared to testing in a dry environment. 
However, even after testing up to five million 
cycles, there was no evidence of corrosion in the 
fractographic analysis which suggested that the 
shorter fatigue life was likely due to crack growth 
acceleration due to the saliva-like environment 
acting at the crack tip [42]. Therefore, although 
ISO 14801:2016 indicates testing in water or nor-
mal saline only when the chosen frequency is 
≤2 Hz and cycles total two million cycles, testing 
in a water or saliva-like environment may be 
encouraged to simulate the clinical environment 
and accelerate failures since a wet environment 
has shown to reduce the fatigue strength of differ-
ent metal alloys [43].

Each fatigue method presented herein pro-
vides or hinders certain deliverables and should 
be selected according to the study aims and capa-
bilities of the fatigue armamentarium. When test-
ing dental implants as restored single-units, 
calculation of the bending moment (M) is 
required, as follows:

 M y F= ×  (9.2)

where y is the moment arm, defined as l × sin θ 
(for most dental setting tests θ = 30°), where l is 
the distance from the center of the crown to the 
clamping plane. Since force is expressed in N, 
bending moment is typically reported in N.mm. 
For the determination of stress leading to failure 
(MPa), subsequent calculation includes:

 
σ

Stress
=
My
I  

(9.3)

where M represents the bending moment, y is the 
perpendicular distance from the center of the 
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inertia moment and I is the area moment of iner-
tia, described by the area of the abutment cross- 
section as:

 
I d I

d d
circular cylindrical

o i
or=

⋅
=

⋅ −( )π π
64 64

4 4

(9.4)

where d is the circle diameter, do is the outside 
diameter, and di is the inside diameter.

Data analysis of fatigue methods should 
acknowledge that variation in lifetime cannot 
usually be properly modeled by a Gaussian dis-
tribution. It is the largest flaw, not the average 
flaw, that commands the lifetime of a restorative 
system. The lifetime for a given stress state can 
be predicted when the velocity of crack growth, 
the initial size of the crack, and the size of the 
crack which surpasses the fracture toughness are 
known [38]. Therefore, considering that the dis-
tribution of preexisting flaws of different sizes 
within any implant/restorative system vary ran-
domly, results may vary proportionally.

9.2.2.1  Fatigue Life (Constant Stress)
Fatigue life is the number of cycles a sample can 
resist, prior to failure, when cycled between fixed 
upper and lower limits [44]. Cycles can be virtu-
ally infinite for samples to fail under constant 
stress fatigue when the selected load is low or 
when the material presents low susceptibility to 
subcritical crack growth and/or a high-stress 
intensity factor threshold (KI0), which represents 
the stress level at which cracks start to grow sta-
bly. Ceramic prostheses with high KI0 present 
higher reliability and longer service life [45]. 
Conversely, a reduction in fatigue life has previ-
ously been associated with high-stress ratios 
[46]. Hence, if the selected load be way above 
KI0, early failures could be misinterpreted as 
materials egregious flaws. No consensus exists 
on the ideal parameters for stress amplitude and 
frequency.

The use of 1.2 million cycles to represent 
5  years of service (continuous 50N load) has 
been suggested [47]. In contrast, 500,000 cycles 
have been credited to simulate 10 years [48]. In 
another study, 1  year was simulated by 

800,000 cycles [49]. Another example adding to 
the contradiction is the empirical determination 
of 1,000,000 cycles (at 800N) to represent 1 year 
of bruxism [20]. One million cycles at 1 Hz has 
been roughly estimated to correspond to 1 year of 
function based on the assumption that subjects 
complete three 15-min meals resulting in 2700 
chews per day [50]. Whereas correlations 
between cycles and years of service have been 
attempted, such simplistic mathematical transla-
tion cannot be supported by current evidence of 
differences in chewing paces across individuals 
[51], and the complex nature of oral function.

One shortcoming of fatigue life is the high 
sample size and associated budget increase, and 
the unforeseen time to failure of the sample that 
can overextend the study deadline. To overcome 
this, research groups have used constant stress 
fatigue to a predetermined amount of cycles and 
then subjected samples to SLF testing [52, 53]. 
This approach is highly discouraged considering 
the limitations discussed for SLF testing, and that 
fatigue damage information is lost.

Unless several machineries are available, 
fatigue life testing is seldom time and cost- 
effective. Complexity levels are low, and analysis 
can be made by either Kaplan—Meier [54] or 
Weibull statistics [55, 56].

9.2.2.2  Fatigue Limit/Resistance
Fatigue limit or fatigue resistance is the value of 
stress that a sample can survive for a given num-
ber of stress cycles [57]. In the staircase method, 
samples are tested sequentially to determine the 
median value of a fatigue limit. Each specimen is 
tested for a determined lifetime corresponding to 
the infinite life. The number of cycles should be 
guided by previous experience and based on the 
expected number of cycles to which the compo-
nent is likely to be subjected during its intended 
life [58, 59]. In dentistry, 106  cycles have been 
empirically used, which corresponds to 1 year of 
clinical use [50], as well as 1.2 million cycles 
have been suggested to correspond to 5  years 
which corroborates the lack of consensus [60].

In the staircase, if the specimen fails prior to 
the preset unlimited endurance, the next speci-
men will be tested at a predetermined decrement 
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in stress level. If the specimen does not fail within 
this life of interest, the subsequent sample will be 
tested at an equal amount of the predetermined 
stress level that will be incremented. Therefore, 
specimens are tested one at a time, each test 
dependent on the previous result, with the stress 
level being increased or decreased by selected 
increments (1–2 standard deviations). Without 
pretests, 20 samples are deemed necessary for the 
evaluation of a fracture probability of 50%, 40 
specimens for the probabilities of 10 and 90%, 
and 50 specimens for the probabilities of 1 and 
99% [61].

Data reduction techniques, such as the Dixon 
and Mood method or that of Zhang and 
Kececioglu, must be applied to determine the sta-
tistical distribution of the results. The Dixon and 
Mood method is based on the maximum likeli-
hood estimation (MLE) and calculates the mean 
and standard deviation of a fatigue limit that fol-
lows a normal distribution. This approach consid-
ers either only the failures or only the survivals to 
determine the statistical properties and is depen-
dent on the least frequent event. To consider only 
half of the tested samples for statistical evalua-
tion implies in low efficiency, reducing the eco-
nomic feasibility of the technique. The Zhang 
and Kececioglu method considers the suspended 
items and the MLE for the data. It is usually 
applied if the Dixon and Mood method is not 
indicated; that is, when the fatigue limit is not 
normal, the stress increments are not identical, 
and the stress increment is greater than twice the 
standard deviation [58]. Improved statistical 
assessments have been suggested [62] and the 
use of lifetime distributions (e.g., Weibull) is pos-
sible when proper sample size and failure to sur-
vival ratio is adequately observed throughout 
testing. Also, an alternative for better estimation 
of the confidence bounds based on binomial 
probability has been presented, and conclusion 
was that the staircase test cannot be used to esti-
mate the scatter in fatigue strength and should not 
be used to develop lower bound fatigue threshold 
estimates [63].

Although the staircase is a straightforward, 
“up-and-down” sequential technique for estimat-

ing the fatigue resistance, the test is not con-
ducted in a wide force range or to extreme stress 
values, which could mask the performance under 
worst scenarios. In addition, the number of cycles 
to determine the failure or survival of each speci-
men is preset, avoiding long-term performance 
simulations.

For certification purposes, ISO 14801, a stan-
dardized dental implant fatigue testing protocol, 
was developed [64]. It was not designed to pre-
dict long-term clinical performance. Samples are 
tested in a 30° inclination and under worst-case 
scenarios. Testing is limited to wet at 2 Hz until 
failure or two million cycles, which would take 
virtually 12 days for each runout. Although the 
standard allows testing up to 15 Hz until failure 
or five million cycles for dry conditions, the dry 
environment does not simulate physiological 
conditions. Moreover, failures beyond one mil-
lion cycles followed a different failure probabil-
ity distribution, indicating a different failure 
mechanism [40]. The standard states that “a 
multi-part endosseous dental implant shall be 
tested as assembled according to its intended 
use.” However, it recommends a hemispherical 
device to simulate a crown, which is not close in 
anatomy to dental prostheses. The ISO 
14801:2007(E) is a valid certification tool for 
industry and continues under development as it 
has been created under limited experimental data 
[65].

9.2.2.3  Step-Stress Accelerated Life 
Testing (SSALT)

In accelerated life fatigue testing, the engineer 
extrapolates a product’s failure behavior at nor-
mal conditions from life data obtained at acceler-
ated stress levels. Since materials fail more 
quickly at higher stress levels, this strategy allows 
the engineer to obtain reliability information 
(e.g., mean life, probability of failure at a specific 
time, etc.) in a shorter time. These tests require 
preventing any modification of the damaging 
mode from the low level to the higher levels 
chosen.

In SSALT, a specimen is subjected to succes-
sively higher levels of stress. First, each specimen 
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is submitted to constant stress during a predeter-
mined length of time. The stress on this specimen 
is then increased step-by-step until its failure or 
suspension. SSALT has been widely applied to 
characterize a plethora of materials, because 
industrial competition requires speedy testing and 
designing of mechanical components. Similarly, it 
has been used for dental biomaterials, such as 
ceramic and composite restorations, and implants.

Previous work using SSALT in dentistry has 
utilized SLF as the first step to determine step- 
stress accelerated life-testing profiles (usually 
three: mild, moderate, and aggressive) [66]. The 
use of at least three profiles for this type of testing 
reflects the need to distribute failure across differ-
ent step loads and allows better prediction statis-
tics, narrowing confidence intervals. Mild, 
moderate, and aggressive refer to the increasingly 
stepwise rapidity with which a specimen is fatigued 
to reach a certain level of load meaning that speci-
mens assigned to a mild profile will be cycled lon-
ger to reach the same load of a specimen assigned 
to either a moderate or aggressive profile. These 
profiles usually begin at a load that is approxi-
mately 30% of the mean value of SLF and end at a 
load of roughly 60% of the same value [10].

Investigations published from our lab and oth-
ers have demonstrated that 18 specimens are usu-
ally enough to obtain good linear regression fits. 
Three additional samples were subjected to SLF, 
and 18 were then assigned to mild (n = 9), moder-
ate (n = 6), and aggressive (n = 3) fatigue pro-
files—a ratio of 3:2:1 (4:2:1 has also been used 
for distribution of 21 specimens) [67]. The reason 
for using the three step-stress profiles is that the 
accuracy of estimates from such a test is inversely 
proportional to its length; therefore, nine samples 
are favored in the mild relative to three in the 
aggressive. Following the parameters of loading 
for each predetermined profile, the specimens are 
fatigued until failure or suspension (no failure at 
the end of step-stress profiles), where maximum 
loads are applied up to a limit previously estab-
lished based on SLF mean value (N).

The life-stress relationship model used to ana-
lyze data from SSALT, which include time- 
varying- stresses, must consider the cumulative 
effect of the applied stresses and is known as 
cumulative damage model. Based upon the step- 
stress distribution of the failures, a cumulative 
damage model that best fits the data (Weibull, 
Lognormal, or Exponential) is then chosen for 
data analysis. In the early 50 s, Waloddi Weibull 
showed in his hallmark paper that an extreme 
value distribution can properly and meaningfully 
model such data sets [56]. Considering the many 
shapes that the Weibull distribution can attain for 
various values of beta (slope), it became one of the 
most applied distributions in reliability engineer-
ing. It can model a variety of data and life charac-
teristics that makes it an all-purpose distribution.

The SSALT data are then analyzed using an 
underlying life distribution to describe the life 
data collected at different stress levels and a life- 
stress relationship to quantify the manner in 
which the life distribution changed across differ-
ent stress levels [10, 68–70]. Thus, the Weibull 
distribution is usually chosen, as explained 
above, to fit the life data collected in SSALT, and 
its probability density functions (pdfs) are given 
by [70]:
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where f(T) ≥ 0, T ≥ 0, β > 0, η > 0, and η = scale 
parameter; β = shape parameter (or slope).

Considering the time-varying stress model 
(x(t)), the inverse power law relationship (IPL) is 
selected to extrapolate a use level condition con-
sidering the cumulative effect of the applied 
stresses, referred as the cumulative damage 
model as mentioned above. In such a model, the 
IPL would be given by:

 L x t x t( )( ) = ( )( )α
η

/  (9.6)

where L = life data, and x(t) = stress. Then, the 
IPL-Weibull pdf (where η is replaced by the IPL) 
would be given by:
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From the extrapolated use level pdf, a variety 
of functions can be derived, including reliability:

 R t x t e
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du
n

, ( )( ) =
−

( )





















α

β

 (9.8)

The model provides the use level probability 
Weibull curves and a beta (β) value, which is the 
slope of the regressed line in a probability plot. 
This parameter describes the failure rate behavior 
over time, where β < 1 indicates that failure rate 
decreases over time, commonly associated with 
“early failures” or failures that occur due to egre-
gious flaws; β ~ 1 demonstrates that the failure 
rate does not vary over time, associated with fail-
ures of a random nature; and β > 1 indicates that 
failure rate increases over time, associated with 
failures related to damage accumulation [71]. 
When the calculated beta (β) is <1 for any tested 
group, meaning that the implant-abutment con-
nection or restorative material failure is con-
trolled by materials strength rather than damage 
accumulation from fatigue testing, a Weibull 
two-parameter calculation of Weibull modulus 
(m) and characteristic strength (η), which indi-
cates the load at which 63.2% of the specimens of 
each group would fail) may be presented using 
the final load at failure or suspensions during 
fatigue as input, disregarding the number of 
cycles [69, 72]. The calculated Weibull modulus 
(m) and characteristic strength values are utilized 
to determine the confidence bounds through the 
maximum likelihood ratio method utilizing a chi- 
squared value at a 90% level of significance and 
1 degree of freedom.

An instructive graphical method to determine 
whether these data sets are significantly different 
through the nonoverlap of confidence bounds) is 
the utilization of a Weibull 2-parameter contour 
plot (Weibull modulus vs. characteristic strength). 
Each contoured region represents possible values 
given by both parameters combination and differ-
ence at 90% level is detected if contour overlap 
between groups does not exist (in such case, sam-
ples will be considered to be from different popu-
lations) [69, 72]. Weibull modulus m (“modulus” 
means absolute value or number, from the Latin, 
a (small) measure) is a unitless parameter that 
measures the variability of the results. A higher m 

indicates smaller and/or fewer defects (greater 
structural reliability); a lower m is evidence of 
greater variability of the strength, reflecting more 
flaws in the system and a decrease in reliability 
[31].

A reliability calculation (with two-sided con-
fidence bounds that can be calculated by a variety 
of methods, including the MLE) is then mathe-
matically estimated for the completion of a given 
number of cycles (mission) at a specific load 
level. For the mission reliability and β parameters 
calculated, the 90% confidence interval range is 
calculated as follows:

 IC sqrt Var= ( ) ± ( )( )E G Z Gα  (9.9)

where IC is the confidence bound (CB), E(G) is 
the mean estimated reliability for the mission cal-
culated from Weibull statistics, Zα is the z value 
concerning the given IC level of significance, and 
Var(G) is the value calculated by the Fisher infor-
mation matrix [69, 72].

To characterize the implant-prostheses com-
plex, the SSALT method has been employed 
using a servo-all-electric system, where the 
indenter contacts the specimen surface, applies 
the prescribed load within the step profile, and 
lifts off of the material surface. However, the 
step-stress method can also be conducted with an 
electrodynamic testing machine to simulate 
mouth-motion fatigue (MMSSALT, where the 
indenter contacts, applies the load, slides, and 
then lifts off the sample simulating the mastica-
tory motion described under Sect. 9.2) [73, 74]. 
Thus, specimens can be tested in either axial or 
off-axis loading orientation. Such equipment 
must allow precise control of load magnitude, 
frequency, and displacement, especially of verti-
cal (approach and retract rates, contact, loading 
and unloading rates) and horizontal actuator 
adjustment of the drag and retract rates, starting 
and end points.

The applicability of SSALT has been demon-
strated by several studies using different restor-
ative materials. Of special interest is that testing 
performed by MMSSALT has thus far been 
shown to be the only testing method able to 
reproduce in  vitro the fracture modes observed 
clinically [18, 73, 74], providing dental ceramics 
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developers with an informed platform, one that is 
currently being utilized to improve dental ceramic 
systems for the future.

The use of SSALT for reliability and failure 
mode analysis of several implant restorative sce-
narios has been reported by our group and others. 
An example involving a compilation of data col-
lected in our laboratory on narrow dental implants 
from a variety of manufacturers is shown in 
Fig. 9.1. The aim is to present the main effect of 
implant bulk material (C.P.  Titanium grades 2 
and 4, Ti-6Al-4V, and TiZr alloys), connection 
design and diameter on the probability of sur-
vival of narrow implants. The criteria to include 
narrow implants was a diameter between 3 mm 
and 3.75 mm [75], although our analysis included 
diameters from 3.3 to 3.5 mm. For the 18 tested 
groups, reliability calculation for a mission of 
200,000 cycles at 180N showed a trend of lower 
survival for C.p. Ti grade 2 compared to other 
implant bulk materials. Also, internal conical 
implant-abutment connections generally showed 
higher survival compared to others, with some 
3.4  mm diameter conical Ti-6Al-4V implants 

presenting equal or superior performance than 
3.5  mm diameter nonconical internal 
connections.

The main advantage of SSALT is that it 
quickly yields failures ensured by the increasing 
stress levels. However, quick failures do not 
guarantee more accurate estimates, which in 
SSALT is inversely proportional to the profile 
length. For instance, a constant fatigue test with a 
few specimen failures usually yields greater 
accuracy than a shorter step-stress test in which 
all specimens fail. It is the total time on the test 
(summed over all specimens), not the number of 
failures, that determines accuracy [69]. One dis-
advantage of step-stress tests is that under clini-
cal conditions, most specimens run at constant 
stress, not step-stress. Thus, the tested model 
must properly take into account the cumulative 
effect of exposure to successive stresses. 
Moreover, the model must also provide an esti-
mate of life under constant stress that should not 
exceed three to four times the average number of 
cycles employed throughout the test for all 
groups [69].

Fig. 9.1 Probability of survival of narrow implants with 
upper and lower confidence intervals for a mission of 
200,000 cycles at 180N. Names of groups shown on the 
right side mean implant bulk material, connection type, 
crown fixation mode, and diameter in mm. Implant bulk 

materials: G2 and G4—commercially pure titanium grade 
2 and grade 4, respectively; G5—Ti-6Al-4V; TiZr 
titanium- zirconium alloy, Connection type: E external 
hexagon, InC Internal nonconnical, IC internal connical; 
Fixation mode: Sc screwed, Ce cemented
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9.3  Fractographic Analysis 
of Failed Implants 
and Prostheses

Fractographic analysis involves the systematic 
observation and pattern recognition of failed 
parts that can provide information regarding 
 failure origin and loading conditions. It should be 
performed in every sample that failed under 
laboratory- controlled conditions and compared 
to those retrieved from the service. Robust frac-
tography work has been performed on ceramic 
restorations either retrieved or replicated, allow-
ing sound comparison of clinical versus labora-
tory failure modes [76, 77]. Design, fabrication, 
and handling features must be considered in the 
fractographic analysis. The nomenclature and a 
vast array of examples of the analysis of brittle 
materials is freely available [78] as well as guid-
ance to conduct it [79].

Fractographic analysis of retrieved commer-
cially pure Ti prosthetic screw has shown several 
shear cracks (50–100  μm extension) along the 
inner diameter portion of several threads and one 
of them related to the fracture origin. The frac-
tured surface of the screw showed transgranular 
stress corrosion cracking, i.e., ductile fracture 
and fluted steps. Whereas plastic deformation 
may take place during tightening at the recom-
mended torque, marks in the surface layer were 
compatible with brittle fracture consistent with 
hydrogen absorption [80], reported to cause a 
reduction in the ductility of titanium [81, 82].

A set of nomenclature is used for the fractog-
raphy of titanium [83]. Fatigue striations (marks 
left during crack growth where a striation result 
from a single stress cycle) may predict the life-
time of the implants and estimate the cleavage 
and dimple fracture of implants [84]. As in 
ceramics and composites, mechanical, environ-
mental, and microstructural factors should be 
considered in the analysis of failed dental 
implants and parts. Continuous effort in the con-
struction of a database for comparison of clinical 
and laboratory failure modes in metallic implants 
is encouraged.

9.4  In Vivo Testing

Once tested for general safety through in  vitro 
assays, dental implant’s next analyses comprise 
animal testing. To the present date, if one consid-
ers the variations employed in in  vivo testing 
including the various animal models, surgical 
protocols, temporal evaluations, implant designs, 
evaluation methods, and many others, it becomes 
reasonable to suspect that comparisons between 
studies lead to a heuristic interpretation of the 
current dental implant literature. For the most 
investigated implant design variable, i.e., implant 
surface engineering, directions for in vivo study 
design have already been suggested [85] and 
while subsequent work pointed that measurement 
and evaluation techniques still lack standardiza-
tion the majority of studies still rarely present 
essential information which is proper implant 
surface characterization [86]. Comprehensive 
physicochemical characterization including 
implant surface spatial and hybrid parameters are 
paramount. Considering that such differences in 
methodology lead to serious difficulties in com-
parison between studies, as is the case discussed 
in the in vitro mechanical testing section of this 
chapter, researchers questing for reliable com-
parisons between implant systems and their vari-
ables are encouraged to create their own database 
under strictly standardized methodological 
approaches. Also, round robin tests are not com-
mon whatsoever in the field. With that in mind, 
this section is targeted at overviewing some 
trends currently shown to improve the character-
ization and interpretation of the host-to- 
biomaterial interface, but it is definitely not 
intended to serve as guidelines for in vivo study 
design.

Animal models frequently used for dental 
implant research include rats, rabbits, dogs, 
sheep, pigs, and nonhuman primates. Rabbits and 
rats are the most commonly used due to their low 
cost and ease of handling, despite their size limi-
tation that hinders comparison of multiple 
implant/surgical factors per sample [87]. 
Although choosing an animal model is chal-
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lenged by several factors such as cost, society 
acceptability, availability, countries specific ani-
mal protection act, housing, etc. researchers 
should attempt to consider the similarity of bone 
macro and microstructure, modeling and remod-
eling kinetics of the selected model to most 
closely simulate the intended region of biomate-
rial use and human response. Despite differences 
in mineral apposition rates, dogs and pigs have 
similar bone composition to humans [88] and as 
long as well controlled animal studies with tem-
poral evaluations are designed, valuable compari-
sons can be obtained. Sheep is a large animal 
model and its ilium has been successfully utilized 
to evaluate bone response to surgical techniques 
and implant surfaces in a relevant simulation of 
low-density bone [89]. Nonhuman primates 
(NHP) have also been used to evaluate alveolar 
ridge dimensional changes [90], the regenerative 
potential of growth factors on periodontal defects 
[91, 92] and loaded implant bulk biomaterials 
responses [93]. Regardless of selected animal 
model, approval from animal committees is man-
datory and report of results according to Arrive 
guidelines is encouraged. Differences in the 
pathophysiology of animal models and humans 
must be acknowledged prior to extrapolations.

Regarding in  vivo evaluation methods, the 
largest possible number should be selected to 
establish comparisons of biological responses 
between biomaterials systems. Methods include 
static and dynamic histomorphometric parame-
ters evaluated through 2 and 3D measurement 
tools in combination with biomechanical testing. 
Some histometric 2D parameters have shown to 
correlate well with 3D parameters obtained 
through microcomputed tomography with bene-
fits observed for the latter technique when tempo-
rally observing bone density evolution and 
reaction to implants [94]. Bone-to-implant con-
tact (BIC) and sometimes bone area fraction 
occupancy (BAFO) are typically evaluated 2D 
histometric parameters. They may both be of lim-
ited value if not temporally reported or if not 
combined with biomechanical evaluations such 
as torque to interface failure or nanoindentation 
testing [85]. Also, very high insertion torque val-
ues could be correlated with the early observation 

of high values of BIC and BAFO which com-
monly decrease as bone remodeling takes place 
and vary primarily due to variations on surgical 
instrumentation technique and implant macroge-
ometry, regardless of surface treatment [95, 96].

For nanoindentation testing, a loading profile 
is commonly developed (e.g., peak load of 
300 μN at a rate of 60 μN/s, holding time of 10 s 
and an unloading time of 2  s) as detailed else-
where [97]. A load–displacement curve is 
obtained after each indentation usually subdi-
vided into bone quadrants. From each analyzed 
load–displacement curve, reduced modulus 
(GPa) and hardness (GPa) of bone tissue are 
computed, and elastic modulus Eb (GPa) is cal-
culated as follows:
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where Er is the reduced modulus (GPa). v(0.3) is 
the Poisson’s ratio for cortical bone (if that is the 
case), and Ei (1140  GPa) and vi (0.07) are the 
elastic modulus and Poisson’s ratio for the 
indenter, respectively [98–100].

Each method poses its own advantages and 
limitations that should be acknowledged. For 
instance, rougher implants will tend to present 
higher early torque to interface failure relative to 
their smoother counterparts, regardless of bio-
logical performance. Histometric 2D parameters 
should also be interpreted with caution since high 
values of BIC in low biomechanical competence 
bone may not be preferred over much lower BIC 
values in high biomechanical competence bone, 
especially in implant high load-bearing scenarios 
[85]. Continued efforts to increase the database 
on human retrieved implants with long-term eval-
uations (≥10  years) along with biomechanical 
evaluations are warranted, as presented previ-
ously [101–104].

9.5  Digital Simulation: In Silico 
Analysis

The success of dental implants osseointegration 
lies not only on the biological integration but also 
on the biomechanical equilibrium between bone 

9 Biomechanics of the Radicular Component of Endosteal Implants



168

and implant’s threads contact [105–107]. 
Therefore, the implants must be able to receive 
the forces from chewing loading and transfer 
them to the surrounding bone tissues at the physi-
ological load-bearing capacity of the organism 
[108]. The stress/strain at the bone-implant inter-
face might acts as a mechanical stimulus to bone, 
in which bone response may vary per intensity 
and frequency of the stimulus. According to 
Rieger et  al. [109], stress about 1.4–5.0  GPa 
seems to be desirable for bone health mainte-
nance, although precise mechanisms are not fully 
understood; at the time the mechanical stimulus 
exceeds the physiological limit, bone overload-
ing might be leading to the pathological bone loss 
and consequently implant failure [105, 110, 111]. 
Also, the functionality of the prosthetic compo-
nents and dental implants involves the biome-
chanical stress distribution and the respective 
materials strength limits, which might support 
the load effects [112–116].

Experimental studies have failed to effectively 
determine these parameters since the literature 
has reported only bone mechanical properties 
such as stiffness, strength, and elastic modulus. 
The finite element analysis (FEA) was developed 
over 80 years ago to solve complex problems in 
the civil and aeronautical field; the applications 
of the method have spread through the orthopedic 
biomechanics [117] and ventricular systems 
[118].

The finite element analysis (FEA) is a power-
ful computer methodology that helps researchers 
to predict the stress and strain distribution around 
dental implants in contact with cortical and tra-
becular bone and among prosthetic components. 
The FEA is a technique used to obtain a solution 
to a complex mechanical problem by dividing a 
heavy geometry into smaller elements using a 
virtual mesh. An overall solution for the problem 
is achieved according to the given studied vari-
ables such as implant design, bone type and pros-
thetic connection.

The major challenge using FEA is the human 
bone reproducibility and its response interpreta-
tion given simulated chewing loadings. Some 
parameters influence the data interpretation such 

as model construction, materials properties, 
boundary conditions, and bone–implant interface 
[119].

9.5.1  Model Construction

The first step of a FEA is the model design, where 
a virtual model will be constructed based on such 
specific dimensions. The models can comprise 
two-dimensions (2D) or three-dimensions (3D). 
The 2D model is a simplified model, which does 
not consider the geometry’s volume. 
Consequently, a decreased accuracy can be 
expected, and the data interpretation must be 
carefully evaluated. In contrast, 3D models 
should be preferably used since they offer accu-
rate data through full geometry representation at 
a virtual level. Additionally, 3D computer tomog-
raphy images can be used as reference to create 
accurate models of bone defects or atrophic max-
illa/mandible, for example [120]. However, due 
to the model complexity, mesh refinements can 
be difficult to achieve and require high- 
performance computers to the mathematical 
analysis. Some studies have reported that even 
simplified models might show reliable data, 
enhanced performance and efficiency of compar-
ative strain analysis relative to the complex mod-
els [121, 122].

The virtual geometries can be obtained by 
manual or automatic methods. While the former 
consists of manually modeling the real or 
literature- based geometry dimensions, the latter 
uses 3D images obtained through laser scans 
which are converted into a wireframes structure 
and later into a solid model using CAD software, 
i.e., SolidWorks (Corp., Concord, MA, USA), 
AutoCAD (Autodesk, San Rafael, USA), Pro/
Engineer (Wildfire, PTC, Needham, MA, USA), 
Rhinoceros (Robert McNeel & Associates, 
Seattle, USA), etc.

Additionally, medical topographies can be 
used as a helpful tool to obtain bitmapped images 
regarding different bone sections and later trans-
formed into a solid model. Mimics (Materlialise, 
Leuven, Belgium) and InVesalius (CTI, 
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Fig. 9.2 The complete mandibular model reproduces all 
anatomic structures based on tomography slices. Although 
a realistic and detailed model was obtained, the mathe-
matical solution can be hardly achieved

Fig. 9.3 A segmented model reproduces a detailed 
region, which can be helpful to single or multiple implant’s 
perimeter bone stress study. In this scenario, lower ele-
ments numbers are generated during the mesh creation 
that facilitates the mathematical solution achievement

Campinas, Brazil) are some examples of specific 
software programs used to work with tomogra-
phy images using gray scale tons. Nataly et  al. 
[123], showed that model design affects stress 
pattern distribution by about 30%. Because of 
detailed modeling at the bone-implant interface, 
it was possible to evaluate the stress/strain at the 
peri-implant area where bone stiffness affected 
the stress distribution pattern and the total dis-
placement due to variation of the modeled corti-
cal thickness [123, 124] (Figs. 9.2 and 9.3).

9.5.2  The Analysis

After model creation, the files are imported by 
some analysis software that use the geometry and 
the material’s properties to calculate the structure 
stress when subjected to a given load application. 
The most common software packages used for 
finite element analysis are ANSYS (Swanson 
Analysis Systems, Houston, Pa), ABAQUS 
(Pawtucket, RI, USA), COSMOS (Structural 
Research and Analysis Corp., Los Angeles, CA, 
USA) and MSC PATRAN (Santa Ana, CA).

9.5.3  Materials Properties

Materials properties influence the stress and 
strain distribution in a model. Most of software 
require the material’s Young modulus, which is 
defined as the material stress/strain measured at 
the extension or compression. In another word is 
defined as the material’s deformation measured 
by a given applied load [123, 125]. Materials 
properties are usually considered as homoge-
neous, isotropic, and linearly elastic to simplify 
the analysis. The isotropic property indicates that 
the material mechanical response is similar in all 
directions. The literature has reported that bone 
should be considered as anisotropic, since it has 
different mechanical properties when measured 
in different directions [125]. In addition, the 
mechanical properties are dependent on several 
factors such as porosities, mineralization level, 
and collagens fibers orientation [126, 127]. The 
anisotropic bone property might increase the ten-

9 Biomechanics of the Radicular Component of Endosteal Implants



170

sile stress and strain by 20–30% at the cortical 
crest level compared to isotropic bone, while 
decrease by 40% the shear stress at the cancel-
lous bone as reported by O’Mahony [125]. The 
bone anisotropy property has a significant poten-
tial to modify the stress levels and should take 
into consideration while designing the analysis.

There is a variety of bone mechanical proper-
ties reported in the literature. It has been reported 
that the lower the bone density, the higher the 
implant failure probability. Thus, some FEA 
studies have been focused on the peri-implant 
stress behavior of patients with reduced bone 
properties due to osteopenia or osteoporosis 
[128–133].

Additionally, the Poisson ratio is also used 
and represents the lateral strain divided by the 
axial strain. This parameter represents the mate-
rial behavior (extension or compression) to main-
tain the volume when underwent to a given load 
and usually is based on the literature.

9.5.4  Boundaries and Bone-Implant 
Interface

Most of studies have considered the bone-implant 
interface as ideal osseointegration, and the con-
tact is defined as “bonded” (linear analysis). Such 
condition is valid when the material shows a lin-
ear stress-strain relationship up to a stress level 
known as the proportional limit, meaning that the 
strain is linearly proportional to the magnitude of 
the given load. In another words, the higher the 
loading, the higher the stress/strain. Nonetheless, 
this type of contact does not occur in an intraoral 
scenario.

The partial contact modeling between 
implant’s threads and bone should be carefully 
evaluated to avoid mathematical errors during the 
analysis since it increases the complexity of the 
analysis. To solve this, friction coefficients can 
be previously measured by experimental studies 
and be simulated among surfaces using numeri-
cal algorithms (nonlinear analysis) [134–137]. It 
has been commonly used the 0.3 friction coeffi-
cient between bone-implant [138–140] to simu-

late an immediate loading condition; however, 
there is no clinical evidence to support it.

Clinically, the presence of as saliva, mainly 
composed of water, and abundant proteins, serum 
albumin, prolactin-inducible protein, filaggrin, 
and desmoglein-1, as isoform 1, has the ability to 
shift the friction coefficient between prosthetic 
surfaces in  vitro [136]; the friction coefficient 
between two titanium surfaces under dry (0.23) 
or saliva conditions (0.19) and between titanium 
and zirconia under dry (0.14) or saliva conditions 
(0.19) to simulate de prosthetic contact among 
implant-abutment and screw [136]. Additionally, 
the friction coefficient can also be used to simu-
late the preload stress resultant from the screw 
tightening using different surface coatings [137, 
141] which approaches the clinical scenario of 
stress distribution and mechanical performance 
[116].

Materials nonlinearity allows structure stiff-
ness changes according to different load-levels, 
which is expressed by a nonlinear stress/strain. 
Nonlinear contacts have become a powerful tool 
to simulate a more realistic scenario and help to 
predict the stress and strain behavior of studied 
structures [134].

9.5.5  Loading Conditions

There is a consensus in the literature that the 
location and the magnitude of the loading influ-
ence the stress and strain in all implant joint com-
ponents [106, 142]. When the biological response 
is considered, it is essential to determine if the 
complex loading is due to internal (preload) [143] 
or external source (chewing or traumatic occlu-
sion) [144, 145]. In all external scenarios, the 
occlusal loading is first applied on the crown and 
later distributed to prosthetic components, 
implant, and surrounding bone. Factors such as 
prosthesis retention (screwed or cemented), pros-
thesis material (all-ceramic, metal-ceramic), 
implant and prosthetic design (prosthetic connec-
tion, diameter and length) and bone quality can 
affect the loading distribution to peri-implant–
bone [146–149].
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Literature findings have reported a widespread 
range of bite forces according to different regions 
of the mouth, usually around 150N [150–152] for 
anterior teeth and 250–500N for posteriors [138, 
153–157]. Additionally, even higher values have 
been demonstrated for maximum bite force (up 
to 650N) [13]. To reproduce a more accurate sce-
nario for FEA, it has been suggested the combi-
nation of axial and oblique loading considering 
the implant longitudinal axis. Nevertheless, addi-
tional attention must be drawn since the resultant 
stress due to oblique forces is amplified [158, 
159]. Some studies have considered oblique 
loading as parafunctional or traumatic occlusion 
depending on its magnitude [111, 158–160].

9.5.6  Mesh Generation and Output

To calculate the solution, the software needs to 
split a heavy geometry into small elements; each 
element is tree-dimensionally connected through 
nodes to create a 3D mesh [119]. Since de geom-

etry of the element do influences the stress out-
put, quadratic tetrahedral elements are usually 
preferable since they better adapt into curved sur-
faces as anatomic structures.

The mesh refinement means to reduce the ele-
ment size and create a smoother transition 
between the contacted surfaces. Also, it helps to 
identify any “element aberrations” which might 
compromise the solution. As the lower the ele-
ment size, the higher the number of elements 
necessary to fill the geometry, and consequently, 
the complexity of the solution is increased. The 
consensus among several studies have adopted 
convergence criteria set as 5% [114, 140, 147, 
161, 162]; it means that the output difference 
(stress, strain, etc.) between a selected element 
size (i.e., 0.5 mm) and a refined one (i.e., 0.4 mm) 
is up to 5% (Fig. 9.4).

Lastly, the FEA is an unequivocally valid tool 
to evaluate the impact of modifications involving 
implant geometry, bone properties and morphol-
ogies and prototypes testing [163, 164]. Data out-
put is usually evaluated considering the tensile 

a b

Fig. 9.4 The mesh refinement at the implant–bone inter-
face is an important step to achieve reliable data. (a) 
shows a 0.5  mm element-mesh, which the STL model 
lines were automatically used to guide the mesh creation. 
The mesh quality will directly influence the stress dissipa-

tion through the model. Additionally, the nonlinearity can 
be hardly achieved, and the results might not represent the 
data reliability. (b) shows a refined model with 0.5 mm 
element-mesh, which all elements are contacting each 
other, without any line interference

9 Biomechanics of the Radicular Component of Endosteal Implants



172

a b

Fig. 9.5 shows the cortical (a) and medullar (b) shear 
stress distribution after an FEA simulation. The red box 
shows the cross-section area at the cortical level, in which 
the peak stress concentration (28.30 MPa) was located at 
the implant crest level. The yellow box shows the medul-

lar cross-section, in which the stress peak (5.12 MPa) was 
located at implant apex. The stress data did not represent 
the osseointegration success or failure just by itself. Data 
interpretation should be carefully conducted and com-
pared with clinical findings

(maximum stress), compression (minimum 
stress) and/or strain. The group of ductile materi-
als (metals or alloys, i.e., titanium) is usually 
evaluated by the von-Mises stress since this crite-
rion is associated with fatigue failure [113, 165] 
(Fig. 9.5).

Nonetheless, the data interpretation must be 
always supported by clinical and experimental 
findings. The FEA should not be considered itself 
as the only factor used for data extrapolation to 
the clinical scenario since there is still a lack of 
information regarding biological parameters, 
which are not considered in mechanical 
simulations.

9.6  Expert Opinion

Along with well-designed long-term randomized 
controlled trials addressing questions that are 
especially important to the patient population 
welfare, in silico, in vitro and in vivo testing of 
the dental implant system will continue to pro-
vide relevant information that can improve even 
further the outcomes of implant therapy. It is 
desired that new methods are developed and that 
existing ones improved, but more importantly, 
that robust study design and report, statistical 
evaluation, equipment and personnel calibration 
continue to be endeavored, so the literature 
becomes more friendly when comparisons are to 
be made.
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10Radiographic Imaging in Implant 
Dentistry

Andreas Stavropoulos, Kristina Bertl, Florian Beck, 
Paolo Cattaneo, and Ann Wenzel

10.1  Introduction

Radiographic imaging is key in all phases of den-
tal implant therapy, i.e., diagnosis, planning and 
assessment of treatment, and long-term monitor-
ing, both in terms of clinical practice and in 
implant research. Traditionally two-dimensional 
(2-D) imaging has been the standard in clinical 

practice and research; however, recent techno-
logical advances and increased access to new 
technologies have made three-dimensional (3-D) 
imaging quite common in both clinical practice 
and research (e.g., cone-beam computed tomog-
raphy; CBCT). Considering potential health risks 
due to radiation exposure, it is important to 
understand the possibilities and the limitations of 
the various radiographic techniques and technol-
ogies to assess the recipient bone for implant 
planning and the bone-to-implant interface and 
peri-implant bone level after installation.

10.2  Periapical Radiographs

Periapical radiographs can be used for treatment 
planning in straightforward cases, but they are 
most commonly used for assessing the marginal 
peri-implant bone levels at follow-up. Evaluation 
of the marginal peri-implant bone level, i.e., the 
distance from the most coronal bone crest to a 
specific implant landmark—commonly the mar-
gin of the implant collar—is relevant in implant 
research when assessing the effect of various 
implant macro-designs and surface technologies 
on the physiological bone remodeling occurring 
after implant installation and loading, or when 
assessing various surgical techniques, as the goal 
is to have the entire implant body within the 
bone. Further, monitoring the marginal peri- 
implant bone level and assessing possible 
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changes (i.e., bone loss) between different time 
points is essential, as stability of the marginal 
peri-implant bone level is considered the most 
reliable sign of peri-implant health [1]. In this 
context, various cut-off values of bone level have 
been suggested and employed among studies and 
classification systems to discriminate between a 
healthy implant and an implant with peri- 
implantitis [2, 3]. Nevertheless, it is accepted that 
there is some variation in crestal bone level dis-
tances that is compatible with peri-implant 
health. This variation depends, among other fac-
tors, on the implant system, i.e., different implant 
systems experience a different amount of crestal 
bone loss due to initial bone remodeling after 
implant installation and/or loading. It is thus 
obvious, that dimensional accuracy of the 
depicted/registered anatomical structures around 
implants is very important.

10.2.1  Distortion

Periapical radiographs of good quality provide 
high spatial and contrast resolution and thus 
sharp images but may show some degree of 
image magnification depending on the relative 
focal spot-to-film and object-to-film distance [4]. 
In general, an average magnification of 5% is 
usually accepted for periapical radiographs 
recorded with the paralleling technique [5], irre-
spective of the site within the mouth. Nevertheless, 
studies comparing measurements/distances of 
structures recorded in periapical radiographs 
with direct measurements showed that the range 
of differences may be quite large. For example, 
Sonick et al. [6] compared the localization of the 
mandibular canal with the clinically measured 
distances and those made in periapical images 
obtained by a long-cone paralleling technique, 
with a film holder attached to the tube of the 
X-ray unit; the difference in absolute values 
between clinical and radiographical measure-
ments was only 1.9 mm on average, however, a 
range of 0.5 to 5.5 mm was observed, which in 
turn translated into a magnification ranging from 
8% to 24% (14% on average). Similarly, Schropp 

et  al. [7] observed an average magnification of 
6% when evaluating the distortion of metal cali-
bration balls recorded in periapical radiographs, 
however, the range was from 1% to 12%. 
Although the dimensional distortion in periapical 
radiographs may not constitute a major problem 
in everyday clinical work, estimation of the true 
magnification is necessary for studies on the 
prevalence of peri-implant biological complica-
tions and differential diagnosis (i.e., mucositis 
and peri-implantitis), and/or for early detection 
of peri-implantitis to allow timely therapeutic 
interventions. Indeed, studies assessing the prev-
alence and/or incidence of peri-implantitis 
require not only the presence of clinical signs of 
disease but also the presence of bone loss beyond 
the crestal bone level changes resulting from ini-
tial bone remodeling, taking also a measurement 
error in periapical radiographs of 0.5  mm, on 
average, into account [8]. In this context, estima-
tion of the true magnification in periapical radio-
graphs appears imperative for research purposes.

Several methods have been suggested for cali-
bration purposes of periapical images, for exam-
ple, the use of cylindrical metal markers [9] or of 
a metal ball with a standardized diameter [7] 
(Fig. 10.1). Autoclavable cylinder metal markers, 
used often as indicators for implant angulation 
during treatment planning, can also be used for 
calibration purposes. However, despite the fact 
that no information on the implant angulation can 
be obtained by means of a metal ball, this method 
offers the advantage that projection geometry 
does not influence the radiographic image due to 
the symmetrical shape of the ball, and thus, is to 
be preferred. In context, in periapical images 
depicting implants, it is most often not necessary 
to include a reference marker, since the implant 
itself can be used for calibration purposes, pro-
vided that information on implant dimensions is 
retrievable or the distance between the peaks of 
the implant threads is known. Obviously, using 
the peaks of the implant threads for calibration 
purposes requires that radiographs show an opti-
mal projection geometry in the vertical plane, 
i.e., the image displays sharp threads with no 
overlaps on both sides of the implant. 
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a b

Fig. 10.1 A metal ball (5 mm diameter) can be used for calibration purposes in periapical radiographs, during treat-
ment planning where no implant is included (a), but also when an implant of unknown dimensions is registered (b)

Nevertheless, in cases where pre-surgical radio-
graphs (i.e., without an implant) are included in 
the analysis, a metal ball or other reference 
marker should be used.

10.2.2  Projection Geometry

Proper projection geometry in the vertical plane, 
so that the implant displays sharp threads with no 
overlaps on both sides, is important not only for 
calibration purposes but also to facilitate proper 
assessment of the marginal peri-implant bone 
level at follow-ups. For example, in a radiograph 
taken with the radiation beam being not perpen-
dicular to the long axis of the implant, the threads 
of a screw-type implant appear blurred on either 
side of the implant; this may not allow for prop-
erly define the most coronal bone-to-implant 
contact (BIC). On the other hand, with an optimal 
projection angle in the vertical plane, i.e., the 

film/digital receptor is positioned parallel to the 
implant axis, and the radiation beam is directed 
perpendicular to this axis, the implant image dis-
plays sharp threads with no overlaps on either 
side allowing proper evaluation and recording of 
the peri-implant bone levels (Fig. 10.2).

Proper projection geometry in periapical 
radiographs is also crucial for controlling for 
possible risk factors for technical or biological 
complications, e.g., the misfit between implant 
and/or prosthetic components, component frac-
ture, or cement remnants (Fig. 10.3). Obtaining 
implant images with optimal projection geometry 
may be challenging due to the fact that implants 
are often not inserted with an inclination corre-
sponding to that of the alveolar process or neigh-
boring teeth. This might especially be the case in 
fully edentulous patients, but also in single tooth 
gaps in agenesis sites where variable amounts of 
alveolar bone may be missing. Thus, correct 
alignment of the radiation beam is often difficult 
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Fig. 10.2 The left implant image presents with threads 
blurred on either side, which makes it difficult or impos-
sible to properly define the most coronal radiographic 
BIC.  In contrast, the right implant presents with sharp 
threads and no overlaps on either side of the implant, mak-
ing identification of the most coronal radiographic BIC 
easy. Due to differences in the implant inclination within 
the jaw, the radiation beam was not perpendicular to the 
long axis of the implant and the sensor for the left implant, 
but it was for the right one

to predict when the implant is still submerged or 
before the prosthetic restoration has been 
mounted; but even in cases including the pros-
thetic restoration, correct determination of the 
implant axis by clinical examination might be 
impaired as the abutment and restoration may be 
angulated.

Depending on the direction of the radiation 
beam, i.e., the beam has either an obtuse or an 
acute angle in relation to the long axis of the 
implant, the implant threads of a screw-type 
implant appear on the radiograph mostly blurred 
on the left or right side, respectively [10]; this is 
irrespective of whether the implant is placed in 
the upper or lower jaw. In the case of radiographs 

with blurred implant threads, the “RB-RB/
LB-LB” mnemonic rule, suggested by Schropp 
et al. [11], can be applied in order to correct the 
inclination of the X-ray tube and obtain a second 
image with sharp implant threads. RB/RB means, 
“if Right Blur, then Raise Beam” (Fig. 10.4), i.e., 
if the threads are mostly blurred at the right side 
of the implant image, the X-ray beam direction 
must be raised towards the ceiling to obtain 
sharper threads on both sides. Accordingly, LB/
LB means, “if Left Blur, then Lower Beam,” i.e., 
if the implant threads are mostly blurred at the 
left side of the implant image, the X-ray beam 
direction must be lowered towards the floor to 
obtain sharper threads on both sides.

The degree of beam correction needed can be 
roughly estimated by the degree of implant thread 
overlapping; i.e., if the threads on one side of the 
implant image are still rather clearly discernible, 
a correction of the radiation beam of up to about 
10° is needed, while if the threads in both sides of 
the implant image are poorly discernible, a cor-
rection of the radiation beam of about 20° is 
needed (Fig. 10.5) [12]. Obviously, a prerequisite 
for the RB-RB/LB-LB mnemonic rule to prop-
erly function is that the film/sensor is also reposi-
tioned so that the radiation beam is kept 
perpendicular to the film/sensor, e.g., by means 
of a holder, while the position of patient’s head 
remains stable during the repeated exposures.

Implementation of the RB-RB/LB-LB mne-
monic rule has been proven rather easy, since 
even operators inexperienced in radiography 
(third-year dental students), after a short instruc-
tion in the use of the rule, were able to record 
higher quality implant images in 2/3 of the cases 
by changing the vertical projection angle in the 
correct direction from one exposure to the next 
[11]. Specifically, in this in vitro study, after an 
average of only 2 exposures, images either per-
fectly sharp or only with slightly blurred threads, 
were obtained, even in cases of extreme—com-
pared to the neighboring teeth—implant inclina-
tions. In another in vitro study, after a maximum 
of 2 exposures, no significant differences were 
observed between the use of the RB-RB/LB-LB 
mnemonic rule or the use of customized rigid 
imaging guides (acrylic splints) in terms of effi-
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a c e

b d f

Fig. 10.3 Examples of radiographs with improper (a, c, 
e) and proper (b, d, f) projection geometry. Proper projec-
tion geometry, i.e., the radiograph is taken with the radia-
tion beam being perpendicular to the long axis of the 

implant, facilitates proper diagnosis of technical and bio-
logical complications, e.g., misfit of prosthetic compo-
nents (a vs. b), fracture of the implant neck (c vs. d), and 
cement remnants (e vs. f)

cacy of obtaining images with perfectly sharp 
threads or images with only slightly blurred 
threads, i.e., more than 70% of the cases were 
judged acceptable or perfect [13]. In perspective, 
considering the relatively limited added benefit 
and the much larger effort needed for construct-
ing a customized imaging guide, it is reasonable 
to suggest that for monitoring purposes in the 
clinic or in large field studies the RB-RB/LB-LB 
mnemonic rule is sufficient.

10.2.3  Reliability of Measurements

For standard monitoring of implants in the clinic, 
a crude method of evaluating the stability of peri- 
implant bone levels in consecutive periapical 
radiographs is by simply comparing the level of 
marginal peri-implant bone to a reference land-
mark; for example, counting the number of 
implant threads with no BIC in radiographs taken 
at different time points is an easy way to assess 
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Fig. 10.4 Graphic presentation of the RB-RB/LB-LB 
mnemonic rule (a), with an implant inserted in the upper 
jaw. If the implant threads are mostly blurred at the right 
side of the implant image, the radiation beam direction 
must be raised towards the ceiling to obtain sharper 
threads on both implant sides. If the implant threads are 
mostly blurred at the left side of the implant image, the 
radiation beam direction must be lowered towards the 

floor to obtain sharper threads on both implant sides. (b) 
An implant in position 45 is registered with blurred 
threads, mostly at its left side; to the right, a new exposure 
with the beam lowered by about 15° results in an implant 
image with sharp threads at both sides allowing identifica-
tion of the radiographic BIC.  It is noteworthy that the 
RB-RB/LB-LB mnemonic rule applies irrespective of 
whether the implant is placed in the upper or lower jaw

Fig. 10.5 For screw-type (threaded) implants, a devia-
tion of the radiation beam of up to about 10° from the 
right angle to the axis of the implant, results in an implant 
image with threads at either side still rather clearly dis-
cernible (right implant); when the deviation of the radia-
tion beam is about 20° or more, the threads are poorly 
discernible at both sides of the implant image (left 
implant)

progressive bone loss. For research purposes, 
however, where high data precision is mandatory, 
peri-implant bone levels may be evaluated by 
measuring the distance from a reference land-

mark to the most coronal radiographic BIC by 
means of image analysis software. Usually, the 
shoulder of the implant is used as the fixed 
 reference landmark, as it most often corresponds 
to the level of the bone at insertion (for bone-
level implants) and is generally readily recogniz-
able (Fig. 10.6).

Depending on the type of implant connec-
tion and/or abutment or prosthetic material 
type, identification of the fixture-abutment mar-
gin can be sometimes difficult; in such cases 
the margin of the prosthetic restoration or the 
apex of the implant can be used as a fixed land-
mark (Fig. 10.7). However, in such cases, only 
relative changes in bone levels (e.g., between 
two time points) should be considered, as the 
level of the bone at insertion cannot be 
determined.

In this context, the accuracy of radiographic 
recordings of marginal bone levels in terms of 
representing the true (histological) marginal 
peri- implant bone levels has been assessed in 
pre- clinical in  vivo studies using clinical-type 
implants. Most of the studies showed that radi-
ography underestimates peri-implant bone level 
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Fig. 10.6 The implant shoulder (indicated by the arrows) is usually quite easily identified and is commonly used as the 
reference landmark because it most often corresponds to the level of the bone at insertion (for bone-level implants)

Fig. 10.7 When the implant shoulder cannot be identi-
fied, the margin of the prosthetic restoration (arrow) or the 
apex of the implant can be used as the fixed landmark for 
assessing relative changes in bone levels

in the majority of cases with about 0.5 mm [14–
18]. For example, one study in dogs showed a 
correlation of 0.7 (p < 0.01) between bone level 
measurements made in digital intraoral radio-
graphs and in histological sections, while the dif-
ferences were 0.5 mm or less in half of the cases, 
but the average difference between radiographic 
and histological measurements was 1.17  mm. 
Similarly, another study showed that the radio-
graphic  evaluation underestimated the bone level 
by 0.6–1.4  mm [17, 18]. These observations 
imply that radiography may indeed in some 
cases fail in diagnosing a considerable amount 
of bone loss. In perspective, it has been demon-
strated that probing pocket depth measurements 
(with or without standardized probing force) at 
implant sites do not necessarily correlate well 
with the bone level either. Specifically, depend-
ing on the degree of inflammation in the peri-
implant tissues, the probe tip is farther from or 
closer to the bone level (in healthy and in 
inflamed tissues, respectively) [19, 20], and 
additionally, the prosthetic reconstruction often 
interferes with proper probe positioning/angula-
tion [21] (Fig. 10.8).

Thus, the marginal peri-implant bone level 
can be estimated more precisely in periapical 
radiographs than with clinical probing, while no 
significant differences have been reported 
between conventional and digital periapical radi-
ography (i.e., sensors or photostimulable phos-
phor plate systems) regarding the diagnostic 
accuracy in detecting and estimating the size of 
peri-implant defects [22–26]. It is however 
important to keep in mind that radiographic evi-
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c

Fig. 10.8 The implant in position 21 has completely lost 
osseointegration (a) and harbors a very deep pocket which 
cannot be properly probed (b) due to the configuration of 

the prosthetic reconstruction interfering with a proper 
probe angulation (c)

Fig. 10.9 The implant in position 25 is placed “too deep” 
in comparison with the neighboring alveolar crest and 
thus, it is difficult to register the entire implant length with 
proper projection geometry

dence of BIC does not necessarily imply osseoin-
tegration on the histological level [27].

A limitation of periapical images is that they 
display only a limited part of the alveolar process 
and consequently may in some instances register 
only part of an implant; e.g., in situations where 
extensive bone loss due to disease and/or physi-
ological remodeling after long periods of edentu-
lism has resulted in the implant placed “too deep” 
in comparison with the neighboring alveolar 
crest (Fig. 10.9) or cases with a flat palate imped-
ing proper placement of the sensor (Fig. 10.10). 
In most cases, this poses no problem, as it is more 
important to display the coronal part of the 
implant with sharp threads for optimal bone level 
estimation than to image the apical part of the 
implant.
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Fig. 10.10 In the case of a flat palate (a), proper place-
ment of the film holder/sensor is not possible (b), resulting 
in recording only a part of the implant (c); in this particular 

case, the peri-implant bone level is at the normal level for 
this specific type of implant, hence not displaying the 
entire implant does not pose a diagnostic problem

10.3  Panoramic Radiographs

Panoramic radiography provides an overview of 
the jaws and the overall status of the teeth and 
surrounding periodontal and periapical condi-
tions, including the interrelations of the various 
neighboring anatomical structures. Panoramic 
radiographs are cheap and highly available, and 
the radiation dose of digital equipment is compa-
rable to approximately 4 periapical radiographs. 
On the other hand, due to the projection tech-
nique panoramic radiographs also display an 
overlap of non-dental anatomic structures (e.g., 
the spine) or among neighboring teeth (particu-
larly among the premolars in the upper jaw). 
Additionally, the lower spatial resolution and the 
enlargement factor must be considered; such 
issues may negatively influence measurement 
precision and accuracy.

In studies evaluating the periodontal bone 
level in panoramic or periapical images in com-
parison with direct intra-surgical measurements, 
panoramic images had a significantly lower accu-
racy than periapical images in terms of detecting 
bone loss and estimating the bone level (i.e., 
mostly underestimating the bone level) [4, 27, 
28]. Thus, up-to-now panoramic radiography 
cannot be considered the method of choice for 
research purposes for evaluating details regard-
ing the outcome of treatment or for monitoring 
the peri-implant bone level as measuring preci-
sion is required. Panoramic examination has been 
used, however, for evaluating the outcome of 
maxillary sinus augmentation procedures, 

because the entire sinus including the apical por-
tion of the implant can be more easily visualized 
in these images compared to the smaller-field 
periapical radiography [29, 30]. In general, a 
panoramic image is often used when more than 
one implant are to be installed, for selecting the 
appropriate implant size and position during 
treatment planning in straightforward cases 
where the bucco-lingual dimension of the alveo-
lar process can be clinically judged. Nevertheless, 
the distortion and enlargement of structures in the 
image have to be taken into consideration by a 
calibration procedure.

Panoramic images are not considered appro-
priate for evaluating marginal peri-implant bone 
conditions in the clinic, although, in specific clin-
ical situations, panoramic radiographs may be 
preferred to periapical radiographs. For example, 
in cases with many implants, where proper radio-
graphic registration of implants is cumbersome 
or even not possible with periapical radiography 
due to the anatomical situation; e.g., in cases of 
highly atrophied mandibles, where the residual 
alveolar process is close to or at the level of the 
floor of the mouth. In this context, it has to be 
noted that the image quality, including the frontal 
regions, has substantially improved during recent 
years due to technically controlled, more pene-
trating radiation given to this region during the 
exposure that blurs the shadow of the spine in the 
image (Fig.  10.11). Further, new-generation 
radiographic devices allow for registering seg-
mented panoramic images in the vertical or hori-
zontal plane, which de facto reduces the radiation 
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b

c

Fig. 10.11 The evolvement of the quality of panoramic 
radiographs from analog (a) to different generations of 
digital images (b, c)

burden to the patient and often results in sharper 
images. Thus, the usefulness of panoramic radi-
ography may increase in the future.

10.3.1  Distortion

In general, a rather large magnification is inher-
ent in panoramic images and depends on several 
factors, such as patient position/malposition, 
mandibular angulation, and equipment [31–34]. 

Magnification moreover varies among the regions 
of the mouth in the same image, as well as in the 
horizontal and vertical plane. In a clinical study 
involving patients to receive implants in various 
regions of the mouth [7], the true magnification 
in panoramic images was estimated by measur-
ing the dimensions of a standardized metal ball of 
known size that was placed close to the antici-
pated implant site during exposure; although the 
average magnification was 22%, a great variation 
in magnification existed, ranging from −10 to 
90%. Furthermore, it was observed that a larger 
variation in magnification was found in the hori-
zontal plane than in the vertical plane (i.e., distor-
tion), and the largest deviation from the standard 
magnification factor of 25% was seen in the hori-
zontal plane and was most pronounced in the 
maxillary anterior region [7]. Furthermore, in 
another ex vivo evaluation (unpublished data), 25 
metal balls 5 mm in diameter were placed buc-
cally at the height of the crown and of the apex in 
the upper and lower jaw of a dry human skull, 
and at the occlusal plane in the molar, premolar, 
and anterior region (Fig.  10.12); the images of 
the spheres presented often as an ellipse with dif-
ferent orientation and magnification depending 
on the position of the sphere, with the maximum 
and minimum diameter of these ellipses ranging 
between 4.58–5.85  mm and 3.11–5.03  mm, 
respectively. In perspective, based on the fact that 
large variation in panoramic image distortion 
exists, depending on the region in the mouth as 
well as on the equipment, it seems reasonable to 
suggest that for research purposes a reference 
marker of known dimensions, like the metal ball 
mentioned before, should be placed on top of the 
alveolar process in the area of interest during 
exposure and used for calibration to true size 
measurements [35].
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Fig. 10.12 Panoramic radiograph of a dry human skull 
with 25 metal balls (each 5 mm in diameter) placed buc-
cally at the height of the crown and apex in the upper and 
lower jaw, and at the occlusal plane in the molar, premo-
lar, and anterior region. Depending on the region, the 

metal balls were displayed as ellipses in different orienta-
tions and magnifications with up to almost 1 and 2 mm 
differences from the actual diameter of 5 mm if the maxi-
mum and minimum diameter, respectively, was measured

10.4  3-D Radiography

10.4.1  CBCT

An obvious disadvantage of both periapical and 
panoramic radiography is that a 2-D image of 
3-D structures is displayed. The missing bucco- 
lingual dimension can be captured with cross- 
sectional radiography, such as conventional 
computed tomography (CT) or CBCT.  All 3-D 
radiographic techniques have in most studies 
been found superior to intraoral and panoramic 
radiography in visualizing anatomical structures, 
e.g., the mandibular canal [6, 36–44]. 3-D radio-
graphic techniques (i.e., CT and CBCT) have 
also been found superior to periapical radiogra-
phy in identifying various types of artificially 
created bone defects (including periapical 
defects) [45–49] or bone lesions of endodontic 
origin [50, 51]. In a study comparing the image 
quality and visibility of anatomical structures in 
the mandible among five CBCT scanners and one 
multi-slice CT system (MSCT), CBCT was 
found to be comparable or even superior to 
MSCT [52]. CT and CBCT offer also the advan-
tage, compared with periapical and panoramic 
images, of practically no dimensional distortion, 
as well as the possibility of visualizing 3-D 

reconstructions of the registered hard tissues. 
Due to the considerably lower radiation dose of 
CBCT compared to CT, the constantly increasing 
quality, smaller fields-of-view, and lately afford-
able prices, CBCT is a prevailing technology 
[53].

CBCT may be used in implant dentistry for 
implant treatment planning, for example, in cases 
where clinical examination or conventional radio-
graphic techniques may indicate inadequate bone 
volume for implant installation or anatomical 
aberrations are suspected that may require special 
attention or modification of the surgical tech-
nique, e.g., a narrow residual alveolar ridge or a 
deep submandibular fossa, or the presence of 
septa when a sinus lift augmentation procedure is 
planned [54]. In this context, studies have assessed 
how the additional information from the third 
dimension, i.e., the bucco-oral bone width, 
changes the selection of the implant size when 
compared with planning based on information 
from a panoramic image [55–58]. For example, in 
one study involving 121 single implant sites, the 
implant size selected based on only panoramic 
images differed in almost 90% of the cases in 
width and/or length from that selected with 
CBCT, having access to additional information on 
the bucco-oral width [58]. Further, approximately 
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50% of the anterior implants planned based on 
information from CBCT were narrower compared 
to those planned based on a panoramic radio-
graph. Similarly, in another study on 71 patients 
with 103 implant sites, planning based on CBCT 
re-categorized the majority of cases into a nar-
rower or shorter implant size compared with plan-
ning based solely on panoramic radiographs [55]. 
With regard to sinus lift, although in most cases a 
panoramic radiograph is considered sufficient for 
planning a sinus augmentation procedure, a pre-
operative CBCT scan increased surgical confi-
dence and detection rate of sinus septa and 
mucosal hypertrophy [59–61]. In fact, a study 
involving 101 patients judged in need of a sinus 
lift procedure based on periapical and/or pan-
oramic radiographs showed that in about 65% of 
the cases, an implant of at least 8 mm could be 
placed without sinus augmentation when plan-
ning was based on CBCT [62]. Indeed, a recent 
study demonstrated that due to the high variability 

of the dimensions of the  maxillary sinus, both in-
between patients but also in- between tooth regions 
within the same patient, the bucco-oral sinus 
width cannot be assumed based on the residual 
bone height or standard values [63]. Thus, 
although there is no evidence that implant treat-
ment planning or sinus lift procedures based on a 
CBCT examination result in better treatment 
results than those based on panoramic images, 
one may consider that knowing the proper implant 
size prior to surgery may be advantageous for the 
surgeon in order to be as well prepared as possible 
(e.g., alternative implant sizes in stock, instru-
mentation and material necessary for additional 
procedures like lateral bone augmentation, etc.), 
and of course for the patient in case that a more 
invasive procedure can be avoided.

Except treatment planning, CBCT has been 
used for the diagnosis of symptoms of unclear 
etiology associated with implants (e.g., paresthe-
sia) (Fig.  10.13) and/or of bone defects associ-

a b

Fig. 10.13 The paresthesia reported by the patient since 
the time of implant placement could not be explained 
based on the information provided by the panoramic 
radiograph (a), but was easy to explain with the bucco-

oral section provided by the CBCT (b); the implant apex 
is violat- ing the coronal/lingual aspect of the mandibular 
canal (arrow)
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ated with implants, for assessing the marginal 
bone level around implants—in particular that of 
the buccal bone—and for assessing the outcome 
of bone regenerative procedures [49, 55, 58, 64–
72]. For instance, the outcome of lateral bone 
augmentation with autogenous and allogenic 
bone blocks was compared based on CBCT 
recorded post-operatively and after 6  months 
[72]. Specifically, bucco-oral cross-sections were 
generated at the center of the fixation screw, 
ensuring spatial reproducibility of the sections 
from the two observation periods; one mask over-
lapping the bone block and one the pristine bone 
were generated on the post-operative CBCT, 
where the boundaries of the block were clearly 
recognizable. Then the sum of these two regions 
was subtracted from the region of a single mask 
overlapping the bone tissues in the 6-month 
CBCT, where the interface of the bone block and 
the pristine bone was not recognizable anymore. 
Based on the assumption that the volume of the 
pristine bone is not really changing during the 
observation period, bone block resorption could 
be estimated (Fig. 10.14).

Although CBCT has indeed been proven to be 
very accurate in terms of distance measurements 
of anatomical landmarks and dimensions of bone 
defects [49, 55, 58, 65, 68], there are concerns 
regarding the diagnostic accuracy of CBCT to 
assess peri-implant bone defects and the mar-
ginal peri-implant bone level. In a methodologi-
cal study, a good correlation between the 
measurements of bone levels in CBCT scans and 
histological sections was shown, but the radio-

graphic peri-implant bone level estimated with 
CBCT was on average 1.12 mm higher than the 
true histological bone level [73]. Similar results 
have been shown in other studies with mean dif-
ferences up to 2.6 mm between CBCT estimates 
and true bone levels [74–76]. The discrepancies 
between CBCT and true measurements can be 
explained by the variations in image sectioning 
and display settings, such as section thickness 
and mapping of scalar values stored within the 
displayed image (e.g., windowing/contrast con-
trol), which are shown to have a large impact on 
the characteristics of the final image [77], but 
also by the questionable image quality of CBCT 
in close proximity to dental implants, due to 
beam-hardening artifacts from the metal of the 
implants and/or reconstruction [78]. The beam- 
hardening artifacts within the reconstructed 
images are cupping and streak artifacts. Cupping 
artifacts occur when the multi-energetic radiation 
beam passes through a round or oval object with 
a high atomic number, e.g., metal. The softer part 
of the radiation beam is absorbed in the object, 
and the part of the beam that has succeeded in 
penetrating the center of the object will be harder 
when it reaches the receptor than the part passing 
through the edges. Streak artifacts appear as dark 
bands between two dense objects, such as two 
dental implants in the same jaw (Fig. 10.15).

Several factors seem to influence the diagnos-
tic accuracy of CBCT with regard to buccal bone 
measurements at implant sites [79–86]. For 
example, in an ex  vivo study with implants 
inserted flush to the alveolar crest of human man-

a b c

Fig. 10.14 Using the center of the fixation screw as a 
reference, spatial reproducibility of the sections between 
different observation periods is ensured; on the post- 
operative CBCT (a), where the boundaries of the block 
are clearly recognizable, masks overlapping the bone 
block and the pristine bone can be generated (b). The sum 

of the 2 regions is then subtracted from the region of a 
single mask overlapping the bone tissues in a later CBCT 
(c), where the interface of the bone block and the pristine 
bone is not recognizable anymore, to estimate bone block 
resorption
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a b

Fig. 10.15 Example of extreme beam-hardening artifacts between 2 dental implants in a CT (a) and CBCT (b) scan

dibles and harboring rectangular bone defects of 
varying dimensions at their buccal aspect, small 
volume defects (i.e., <3  ×  3  mm) were much 
more frequently missed, compared with larger 
defects [82]. In two recently published in  vitro 
evaluations in dry pig mandibles, it was demon-
strated that various modifiable (e.g., the  resolution 
and the image reconstruction thickness, the 
CBCT unit) and non-modifiable (e.g., the 
implant-abutment material, the number of 
implants in the field of view, the thickness of the 
buccal bone wall) factors influence the diagnostic 
accuracy of CBCT when assessing the buccal 
bone at implant sites [83, 84]. For instance, a 
high number of implants in the field-of-view, a 
low image resolution and reconstruction thick-
ness, and the presence of a zirconium implant 
impair the correct diagnosis and/or measure-
ments [83]. Further, a buccal bone wall less than 
1 mm thick at implant sites was shown to signifi-
cantly interfere with the ability of expert evalua-
tors to discern whether or not a bone was present 
[83]. In another recently published ex vivo study 
[87], 9 out of 10 times a dehiscence was diag-
nosed although it did not exist when the buccal 
bone thickness was less than 1 mm, while when 
the buccal bone thickness was 1 mm or more, the 
presence of a dehiscence was wrongly attributed 
only in 20–30% of the cases (Fig. 10.16). In this 

context, previous reports indicate that the major-
ity of extraction sites in the anterior regions of the 
mouth present a thin buccal wall; thus, such sites 
experience larger dimensional changes, i.e., vol-
ume loss in terms of “buccal collapse,” compared 
with posterior sites where the buccal bone is 
often thicker (> 1  mm) [88, 89]. It may be 
expected therefore that also anterior implants 
often present with a buccal wall less than 1 mm 
thick at the crestal aspect. It appears therefore, 
reasonable to suggest that CBCT should not be 
used to assess the buccal bone level at implants 
inserted in narrow alveolar ridges, especially in 
the anterior regions of the mouth (Fig. 10.17).

CBCT has also been suggested as a method to 
assess bone quality, i.e., more or less dense tra-
becular bone, as an analog to conventional 
CT. Although the judgment of bone quality based 
on Hounsfield Unit values is well accepted for 
conventional CT imaging [90, 91], a similar cor-
relation between gray values in CBCT scans and 
bone quality cannot be assumed. Several studies 
have tested the possibility to correlate quantita-
tively gray values of CBCT scans to bone quality 
[90, 92–94]. However, gray values of CBCT 
scans are strongly affected by the CBCT device, 
positioning of the patient, artifacts, and imaging 
parameters, which do not allow any meaningful 
use of CBCT for assessing bone quality.
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a b

c d

Fig. 10.16 A buccal bone thickness less than 1 mm (a) 
significantly interferes with the ability to discern whether 
the bone is present or absent in a CBCT scan (b), while a 
buccal bone >1 mm thick (c) is easier to identify (d). Note 

that the extra layer visible in the CBCT scans on the out-
side of the bone is a layer of pink wax imitating the soft 
tissue during the scan

In perspective, the use of CBCT is not recom-
mended as a routine imaging technique for 
implant cases according to the European 
Guideline: Radiation Protection No. 172 [95]. 
Nevertheless, a recent study from Finland indi-

cated a possible association between the reduced 
frequency of compensable malpractice claims 
related to dental implants and the increasing 
availability of CBCT technology [96].
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a b

c d

Fig. 10.17 Panoramic view (a), axial view (b), and 
cross-sectional view of the mesial (c; left implant in a) 
and distal (d; right implant in a) implant. Note that the 

level of the buccal bone at the mesial implant, where the 
bone is thin, cannot be clearly discerned, compared with 
that in the distal implant where the buccal bone is thick
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10.4.2  MRI

Magnetic resonance imaging (MRI) provides an 
imaging modality free of ionizing radiation in 
contrast to conventional radiography or com-
puted tomography (CT or CBCT), and it has been 
used for a long time in dentistry for imaging of 
temporomandibular joint (TMJ) disorders [97] 
REF SHOULD BE 96. The basic principle of 
MRI relies on the possibility of magnetizing 
atomic nuclei (protons), i.e., hydrogen atoms, 
which are found in different amounts in the 
human body. Hydrogen atoms are randomly ori-
entated; however, they align parallel in the longi-
tudinal axis of the body if an external magnetic 
field is turned on (resting alignment). This align-
ment can be disturbed by external radiofrequency 
(RF) waves. If the RF impulse is turned off, the 
protons return to their resting alignment by emis-
sion of RF energy, which is then captured by spe-
cific sensors and finally displayed as a grayscale 
image. Different relaxation times result in 
T1-weighted (longitudinal relaxation time) and 
T2-weighted (transverse relaxation time) images. 
They can be distinguished by, e.g., the 
 cerebrospinal fluid, which appears dark (T1) or 
light (T2) [98].

Advances in MRI technology and the develop-
ment of ultra-short or zero echo time sequences 
have broadened its spectrum for imaging, includ-

ing hard tissues, e.g., bones, which have short T2 
relaxation rates [99, 100], and thus the use of 
MRI is currently explored also within implant 
dentistry. MRI allows the visualization of cortical 
and trabecular bone of the maxilla/mandible, 
maxillary sinus, teeth, pulp chamber, periodontal 
space, and critical structures, including the lin-
gual nerve and inferior alveolar nerve (IAN), 
mental foramen, and the incisive nerve 
(Fig. 10.18) [99, 101–104].

A clear depiction of bone and teeth is crucial 
if MRI should be considered a reasonable diag-
nostic method for the planning, placing, and 
monitoring of implants in dentistry. The appear-
ance of bone in MRI is entirely different from CT 
and CBCT imaging, e.g., cortical bone consists 
by its nature of a relatively low number of nuclei 
(protons in water) that can be magnetized. As a 
result, cortical bone is displayed as a dark region 
corresponding to a signal void (Fig. 10.19) [105].

Recent studies considered MRI as an option 
for preoperative implant planning and even the 
fabrication of surgical guides. A comparison of 
virtually planned implants in MRI and CBCT 
datasets demonstrated no significant differences 
relating to the apical and coronal position of the 
implant. However, when comparing the distance 
from the alveolar crest to the mandibular canal 
(visualized in CBCT) with that to the inferior 
alveolar nerve (visualized in MRI), it was found 

a b c

Fig. 10.18 Axial view of the mandible (a). Note the 
hypointense signal of the cortical bone and teeth in con-
trast to the hyperintense signal of the pulp. (b) The pulp 
and the root canals of the mesial root (first molar) are 

clearly depicted (turquoise arrows). The inferior alveolar 
nerve/neurovascular bundle can be directly visualized 
(orange arrow). (c) Visualization of the mental foramen in 
MRI
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a b c

Fig. 10.19 Preoperative axial view of the implant planning site (a), the green dotted line on the panoramic-view (b) 
indicates the slice of orthoradial reconstruction (c) which allows measuring of the bone quantity

that it was significantly larger (by 1.3 ± 0.81 mm) 
in the MRI, i.e., implant planning by means of 
MRI would accept the installation of longer 
implants [106]. Nevertheless, there is no verifica-
tion of the true distance from the alveolar crest to 
the inferior alveolar nerve, in vivo or in vitro.

MRI-based implant planning can be verified 
when this information is transferred to surgical 
guides and ultimately used for implant place-
ment. Fully guided implant placement based on 
information from MRI has been successfully per-
formed in vivo in five patients [107] and in vitro 
involving 16 human cadaver hemi-mandibles 
[108]. Planning and printing of the surgical 
guides were based solely on MRI data and optical 
surface scans. The in-vitro study design allowed 
comparison of the planned (MRI) and the final 
implant position (hemi-mandible) by postopera-
tive CBCT and optical scans: deviations were 
1.34 ± 0.84 and 1.03 ± 0.46 mm at the implant 
shoulder and 1.41 ± 0.88 and 1.28 ± 0.52 mm at 
the implant apex, respectively. Angular devia-
tions of the implant axis were 4.84 ± 3.18° and 
4.21 ± 2.01°, respectively [108]. Despite the fea-
sibility of using MRI for preoperative planning, it 
is evident that MRI (still) requires an additional 
optical scan for virtual implant planning. Teeth 
surfaces are depicted with insufficient accuracy, 
and alignment is basically based on soft tissue 
(e.g., keratinized mucosal surface) and/or radio- 
opaque markers [108]. A lower accuracy for MRI 
compared to CBCT for tooth surface reconstruc-

tion has been demonstrated: geometric deviations 
were 0.26 ± 0.08 and 0.1 ± 0.04 RMS, 1 respec-
tively [109].

In this context, artifacts may occur in MRI 
similarly to CT and CBCT and can strongly 
impair the diagnostic value of the image. They 
can be classified according to their origin as 
patient (e.g., motion, metal artifact), signal- 
processing (e.g., chemical shift artifact, partial 
volume artifact), or hardware-related (e.g., exter-
nal magnetic field inhomogeneity, gradient field 
artifacts) [110]. Metal artifacts result from the 
different magnetic susceptibility of adjacent tis-
sues, e.g., the interface between a dental implant 
and bone, which can lead to (total) signal loss. 
Furthermore, the prosthetic restoration material 
also induces susceptibility artifacts. Resin as a 
crown material hardly produced any artifacts, 
while precious metal-ceramic, ceramic, and zir-
conia demonstrated minor artifacts. Furthermore, 
the number of crowns significantly affects the 
extension of the artifacts measured by area [111]. 
Similar results have been reported for implants 
restored with various types of crowns: monolithic 
zirconia crowns attached to zirconia implants 
demonstrated the least artifacts, followed by 
porcelain- fused-to-zirconia and monolithic zir-
conia crowns on titanium implants. Most artifacts 
were reported for titanium implants in combina-
tion with non-precious alloys [112]. Therefore, 

1 RMS root mean square.
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patients considered for dental MRI should be 
screened for metal-containing fillings/restora-
tions, orthodontic wires, or dental implants that 
may interfere with the region of interest.

The obvious advantage of having no ionizing 
radiation makes MRI a reasonable alternative for 
monitoring dental implants and 3D defect imag-
ing in case of peri-implant diseases. However, the 

use of MRI appears more relevant for zirconia 
implants (Fig.  10.20), which are depicted more 
clearly, compared to titanium or titanium- zirconia 
implants, both demonstrating signal voids due to 
susceptibility artifacts [113] (Fig.  10.21). The 
distribution of artifacts is smaller for zirconia 
than titanium implants, irrespective of the 
implant’s geometry or the site of measurement 

a

b c

Fig. 10.20 Postoperative panoramic X-ray (a) and MRI 
(b, c) following placement of two zirconia implants. Note, 
MRI verifies that zirconia implants (red asterisks) do not 

interfere with adjacent teeth, despite the presence (c) of 
susceptibility artifacts
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a b c

Fig. 10.21 Panoramic X-ray indicating titanium implants 
with zirconia crowns (a); the green dotted line demon-
strates the orthoradial view in CT (b) and MRI (c) of 
implant #16. Note the strong and minor artifacts induced 

by the zirconia crown in CT (b) and MRI (c), respectively. 
In addition, the titanium implant appears slightly distorted 
in MRI (c) in comparison to CT (b) imaging

(e.g., buccal vs. lingual) [114]. Distance mea-
surements of zirconia implants indicated a high 
correlation between MRI and CBCT, which is 
also reflected by the longitudinal and transversal 
accuracy of the actual implant’s size, i.e., 0.8% 
and 2.3%, respectively. In contrast, the size of 
titanium implants was overestimated by 29.7% 
and 36.9%, respectively [115]. Both zirconia and 
titanium implants appear as hypointense 
 structures, i.e., signal voids; however, artifacts 
were more significant on T2- than T1-weighted 
images [116]. However, similar results for MRI 
and CBCT have been demonstrated for the judg-
ment of large peri-implant defects (i.e., 3  mm) 
around zirconia implants in-vitro, both outper-
forming intraoral radiographs. Nevertheless, 
intraoral radiographs performed better in detect-
ing small defect sizes (i.e., 1 mm) [117].

Besides inherent artifacts, MRI remains a 
valuable diagnostic tool if an injury of the infe-

rior alveolar nerve following implant placement 
is clinically suspected. MRI allows direct visual-
ization of the inferior alveolar nerve in contrast to 
CT/CBCT, which may miss the protrusion of an 
implant into the mandibular canal if its cortical-
ization is insufficient [103, 118]. MRI has also 
been investigated for the evaluation of bone aug-
mentations, particularly maxillary sinus floor 
augmentations (MSFA) and onlay grafts. Vertical 
bone height changes following MSFA can be 
assessed safely using MRI (Fig.  10.22) [119]. 
Furthermore, the healing of autologous onlay 
bone grafts in their early stages was visualized by 
MRI in combination with an intraoral coil. 
Cortical and cancellous bone could be differenti-
ated, and the volume of the block graft was calcu-
lated. Osteosynthesis screws were displayed as 
signal voids encircled by a thin fringe [120].
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a b

Fig. 10.22 Panoramic X-ray following MSFA (a) and 
MRI 1 day postoperatively to verify possible dislocation 
of the graft into the maxillary sinus (b). Note: the green 

dotted line (a) indicates the coronal view (b) of the MRI, 
the orange line indicates the upper border of the graft

10.5  Subtraction Radiography

Subtraction radiography was introduced in the 
1930s and is a well-established method for the 
detection of bone changes in serial radiographs. 
During the 1990s subtraction radiography has 
also been used in dental research, including 
assessment of morphologic changes and bone 
formation and remodeling of extraction sites 
[121] as well as for the follow-up evaluation of 
implants [122–126].

Manual, semi-, or fully-automated systems for 
subtraction radiography exist. Briefly, subtrac-
tion radiography is based on the principle that a 
computer program simply calculates the pixel- 
pixel difference between two digital radiographs. 
Some systems are more advanced and, based on 
contrast adaption, subtract the gray shade value 
of each pixel in one image from the correspond-
ing pixel value in another image, resulting in the 
subtraction image that represents the differences 
in gray shades between the pixels values in two 
radiographs. Provided that the two radiographs to 
be subtracted are recorded with standardized pro-
jection geometry and properly aligned, the differ-

ences in gray shades in the bone may be 
interpreted as differences in bone mineral con-
tent. For example, Reddy et  al. [126] demon-
strated high repeatability of a semi-automated 
computer-assisted method used for measuring 
bone loss around implants. In another study, 
Brägger et  al. [122] demonstrated peri-implant 
density changes during the early healing phase 
and ligature-induced peri-implantitis in an ani-
mal model, as well as cases documenting the loss 
of peri-implant bone density associated with 
infection or increase in density caused by remod-
eling after functional loading of an implant with 
a single crown.

Despite the fact that subtraction radiography 
has been advocated for the detection of minor 
bone changes, one must be aware of the short-
comings of this technique. The major limitation 
of subtraction radiography when analyzing 
changes in a given bone defect is that the visual-
ization depends on the bucco-oral width of this 
defect. Total bone fill with uniform density in a 
bowl- or cone-shaped defect, as in an augmented 
peri-implantitis defect or an immediate implant 
placed in an extraction socket, respectively, may 
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be visualized only in the coronal part. This is 
because the width of the defect at that point 
makes up a larger fraction of the total width of 
the alveolar bone at its coronal aspect as com-
pared with the apical aspect. Likewise, one must 
bear in mind that the subtraction image is a prod-
uct of remodeling of the bone walls on the buccal 
and lingual/palatal aspect of the defect on one 
hand and bone formation/resorption within the 
defect on the other; obviously, it may not be pos-
sible to distinguish among these biological 
phenomena.

In perspective, due to the above shortcomings, 
together with the high costs associated with dedi-
cated software and the cumbersome training 
needed, as well as the time-consuming use of the 
technique and the fact that the new digital sys-
tems give better possibilities for direct visualiza-
tion of shades of gray, subtraction radiography 
has not achieved widespread use in implant 
research.

10.6  Micro CT

Histomorphometry, i.e., the quantitative assess-
ment of histological sections from non- decalcified 
samples containing the implant and surrounding 
tissues, is commonly used to assess the amount/
extent of osseointegration, i.e., the direct BIC; 
this method allows also the assessment of the 
bone type and mineralization level and is consid-
ered the gold standard [127–129]. However, his-
tomorphometry—and histology in general—is a 
destructive technique, and once the sections are 
cut, it is not possible anymore to analyze the sam-
ple in any other direction than that of the section 
plane. Further, non-decalcified sections have the 
additional drawback that a rather significant vol-
ume of the specimen/implant is lost during the 
cutting process, due to the physical thickness of 
the cutting knife itself and the subsequent grind-
ing/polishing of the section. Thus, from standard- 
size implants, only 1–2 sections are usually 
available for histomorphometric evaluation, 
which does not allow an accurate 3-D assessment 
of bone architecture.

In this context, microcomputed tomography 
(μCT) is a high-resolution 3-D imaging tech-
nique and is an established tool to assess bone 
ex vivo, as an alternative method to bone histo-
morphometry [130–136]. μCT offers the main 
advantages—compared to histomorphometry—
of non-destructive assessment of bone morphol-
ogy, and that relatively large volumes of interest 
can be analyzed in a truly 3-D way. In addition, 
the whole process of analysis can start immedi-
ately after the tissue samples are available and 
thus a faster analysis can be achieved. μCT has 
also been suggested to assess BIC [137–140]. A 
few studies have shown a good correlation 
between BIC estimates from μCT and from histo-
morphometry with relatively small discrepan-
cies—either showing under- or overestimation of 
BIC with μCT [139, 141]. Other studies, how-
ever, have observed large differences between 
BIC values from μCT and histomorphometry, 
which are attributed to the presence of similar 
type—but of less magnitude—of artifacts, as 
those described above for CBCT (i.e., beam- 
hardening artifacts) [142, 143] (Fig. 10.23).

Conventional μCT devices are limited by the 
maximum current of the X-ray tube; this in turn 
is limited by physical constraints and the integra-
tion time that is directly related to the total scan-
ning time. A way to improve resolution, voxel 
information content, and to limit drastically the 
beam-hardening effect is to use synchrotron radi-
ation (SR) as the X-ray source. The beam gener-
ated from an SR source is very brilliant, 
characterized by a high flux of photons; it is, 
therefore, possible to filter the beam using a 
monochromator so that only a specific, narrow 
range of energies is utilized. As the intensity of 
the original beam is very high, the remaining 
monochromatic flux has enough photons, all 
characterized by the same energy level, to gener-
ate an excellent signal-to-noise ratio (SNR) with 
virtually the absence of beam hardening. Further, 
in contrast with conventional μCT, where the 
beam has either a fan shape or a cone shape, the 
incident beam of SR is long, the source diver-
gence is small, and, the X-rays are nearly paral-
lel. These characteristics of SRμCT scanning 
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a b

Fig. 10.23 Bucco-palatal (a) and axial (b) section from 
the maxilla of a macaca fascicularis monkey, containing a 
titanium dental implant scanned with conventional 

μCT. Precise BIC estimation appears compromised due to 
the presence of beam-hardening artifacts

a b

Fig. 10.24 Cross-sections from the maxilla of a macaca 
fascicularis monkey containing a titanium dental implant 
scanned with conventional μCT (a) and SRμCT. Note the 

extent of beam-hardening artifacts in the μCT image (a), 
that are almost absent in the image from the SR-based 
scanner (b)

allow for higher resolution, which can be up to 
1/10 of the 1 μm range [144]. Consequently, the 
images obtained from SRμCT scanning are less 
noisy and the bony edges are sharper than the 
ones generated by the conventional μCT 
(Fig. 10.24).

Thus, with limited beam-hardening artifacts in 
SRμCT scans, better visualization of the relation-
ship of the bone tissue to the implant is possible 
(Fig. 10.25). Nevertheless, and although it may 

seem reasonable that a better estimation of BIC 
would also be possible with SRμCT compared 
with conventional μCT, a recent study showed a 
discrepancy of 5–15% between SRμCT and his-
tology in terms of BIC [145]. In perspective, μCT 
and SRμCT facilitate improved visualization and 
understanding of tissues and implants in 3-D 
(Fig. 10.26) but are still not considered as precise 
as classic histomorphometry using light micros-
copy to assess osseointegration [146].

10 Radiographic Imaging in Implant Dentistry



202

a a b

Fig. 10.25 Assessment of BIC is clearly compromised 
due to beam-hardening artifacts in a section from a con-
ventional μCT (a), while BIC in a section from a SRμCT 

(b) seems to correspond well to that estimated in a non- 
decalcified histological section (c)

Fig. 10.26 3-D reconstruction of an aspect of the maxilla 
of a macaca fascicularis monkey containing a titanium 
dental implant scanned with SRμCT, where even some of 
the smallest trabeculae are clearly visible

10.7  Conclusion

Intraoral periapical radiographs provide the best 
spatial resolution and are recommended for 
implant planning in simple implant cases where 
clinical measures suffice to estimate bone thick-
ness and no challenges exist with respect to 

interference with anatomic structures, e.g., the 
mandibular canal. Periapical radiography is 
most often the method of choice for clinical 
monitoring and research purposes when assess-
ing the peri-implant bone level. A pre-requisite 
for assessing the peri-implant bone level with 
relatively good precision in periapical radio-
graphs is that images are calibrated and that 
sharp threads on both sides of the implant are 
displayed. This can readily be achieved with the 
RB-RB/LB-LB mnemonic rule. Panoramic 
images are often appropriate for treatment plan-
ning, i.e., for selecting the implant size and 
position, in most of the cases where more than 
one implant is planned or in cases with a risk for 
interference with anatomic structures; the dis-
tortion and magnification of the panoramic 
image should be taken into consideration by a 
calibration procedure. However, when a clinical 
examination or the panoramic radiograph may 
indicate inadequate bone volume for implant 
installation or anatomical aberrations, which 
may require special attention or modification of 
the surgical technique, a CBCT should be 
obtained. However, panoramic images and 
CBCT are not appropriate for routine monitor-
ing or for research purposes for assessing the 
peri-implant bone level, because the bone-to- 
implant interface is not clearly visualized. 
Similarly, although μCT and SRμCT are precise 
for bone volume estimations, the technology 
cannot yet be used to assess BIC as precisely as 
with histomorphometry.
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11.1  Definition of the Interface

The radicular portion of an endosseous implant 
derives its name from the location of implant 
placement within the alveolar bone and its simi-

larity in function to that of an intact tooth root. It 
acts as the interface between the dental prosthesis 
and bone, stabilizing the implant within a native 
bone. This interface between the radicular sur-
face and bone develops through the process of 
osseointegration, in which appositional bone is 
regulated both directly by surface parameters and 
distally through cellular signaling mechanisms to 
anchor the implant. In order to define this bio-
logical interface, it is essential to understand the 
underlying steps of osseointegration, while also 
describing the effects of implant surface design 
on each step and the methods by which this inter-
face can be analyzed.

Osseointegration is the structural and func-
tional connection between organized living bone 
and the surface of a load-carrying implant. The 
overall process of osseointegration involves 
osteogenesis from the surrounding bone as well 
as osteogenesis on the implant material [1–3]. It 
is measured histologically in vivo as the bone-to- 
implant contact, typically covering roughly 
30–70% of the implant surface, and has been 
shown to be dependent on topography [4–6]. The 
process of osseointegration can be categorized 
into 5 phases: hemostasis, osteoconduction, pri-
mary bone formation, modeling/remodeling, and 
functional integration.

During implantation, destruction of native 
bone and blood vessel rupture initiate a clotting 
cascade and hematoma formation. The radicular 
surface serves as the initial contact point for cel-
lular and biological fluid interaction, which is 
initiated by the exudation of blood into the 
implant micro-environment from drilling trauma. 
The resulting fibrinogen polymerization and 
adsorption of plasma proteins like fibronectin 
and albumin, along with local factor release from 
the platelets that enter the implant micro- 
environment, provide the first provisional extra-
cellular matrix around the implant (Fig. 11.1).

Implant surface designs can modulate this 
protein deposition via bulk chemistry, wettabil-
ity, and topography. Plasma proteins possess spe-
cific affinities for adsorption to the implant 
surface, dependent upon amino acid composi-
tion, protein size and shape, and plasma concen-
tration. Altering the wettability and topography 
of the implant can create differences in the profile 
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Fig. 11.1 Resolution of the clot. Implant placement 
causes the exudation of blood into the implant microenvi-
ronment. Through the process of surgical trauma growth 
factors, fibrinogen, and soluble blood proteins adsorb onto 
the implant surface. Neutrophils migrate into the wound 
bed and begin attacking any resident bacteria through the 
complement system and growth factors such as TNF-α, 
initiating the migration of monocytes and macrophages 
towards the implant, migrating across the fibronectin pro-

visional matrix. Macrophages phagocytose debris and for-
eign bodies and dependent upon implant surface properties 
exhibit either an M1 or M2 inflammation resolution. M2 
regeneration increases the production of IL-10, IL-4, and 
TGF-β1, which supports the migration of MSCs to the 
implant, decreases the response of T and B lymphocytes, 
and maintains immature dendritic cells to prevent adap-
tive immune response

of proteins that adsorb onto the surface, and the 
overall conformation of the proteins once 
adsorbed [4, 7, 8]. Thus, the process of hemosta-
sis is a key organizing phase of the overall inte-
gration, as initial protein deposition dictates the 
biological response of the surrounding alveolar 
bone through cell attachment and activation.

Inflammatory pathway activation occurs after 
the development of the hematoma around the 
implant. Immune cells such as neutrophils, den-
dritic cells, monocytes, and macrophages migrate 
into the wound site following chemical gradients 
of chemoattractants, mitogens, and growth fac-
tors, including tumor necrosis factor-alpha (TNF- 
α) and a range of Interleukins (ILs). Neutrophils 
have not been studied extensively until recently. 
They have been shown to alter immediate implant 
response by regulating toll-like receptors and 
through the creation of DNA fiber networks 
termed neutrophil extracellular traps (NETs) that 
have dual regulation of inflammation depending 
on the environment [9, 10]. These extracellular 

modulators have also been shown to regulate the 
most potent immunoregulatory cell within the 
implant microenvironment, macrophages [9, 10]. 
Within the first 2 days of implantation, resident 
tissue and migratory macrophages are present 
around the implant. Macrophages are responsible 
for debris phagocytosis, production of tissue 
remodeling enzymes, and secretion of regenera-
tive cytokines, making them important regulators 
of implant integration during the inflammatory 
phase (Figs. 11.1 and 11.2a) [4, 6, 8].

Macrophage response is dependent upon the 
activation profile present within the wound envi-
ronment. The classical M1 pro-inflammatory 
profile is characterized by high levels of 
interferon-γ, IL-6, monocyte chemoattractant 
protein-1 (MCP-1), and TNF-α. These induce 
high levels of reactive oxygen species and nitric 
oxide (NO) via nitric oxide synthase 2 (NOS2) in 
order to destroy resident bacteria [11–13]. 
However, persistent M1 activation by excessive 
and prolonged bacterial contamination can create 

11 Biological Events at the Interface Between the Radicular Part of a Dental Implant and Bone



214

a b

Fig. 11.2 Diagram of the interface during the inflamma-
tory phase of osseointegration. (a) Inflammatory response 
is characterized by the migration of monocytes, macro-
phages, and MSCs into the implant microenvironment. 
(b) Macrophage activation determines local immune reso-

lution. M1 activation is pro-inflammatory and promotes 
fibrous tissue formation through TNF-α, IL-6, and IL-1β, 
while M2 macrophage activation promotes regeneration 
and implant integration through elevated production of 
IL-10 and IL-4

a toxic wound environment, preventing integra-
tion by the stimulation of foreign body giant cells 
and fibrous encapsulation (Fig.  11.2b). Surface 
design and proper aseptic implant placement can 
facilitate an alternative M2 activation, which is 
more regenerative in nature. IL-10 and IL-4 are 
highly expressed during a regenerative macro-
phage response and pro-inflammatory cytokine 
production is down-regulated (Fig. 11.2b).

Dendritic cells also contribute to the overall 
integration of an implanted synthetic implant. 
These cells primarily direct adaptive immunity 
through cytokine production and are character-
ized by a maturation state. Immunological stud-
ies and in  vitro analysis on clinically relevant 
titanium (Ti) surfaces demonstrate that immature 
dendritic cells promote a more tolerance-based 
adaptive immune response through IL-10- 
secreting T-cells and CD4+ T-regulator (T-reg) 
cells (Fig. 11.1) [14]. The maturation of dendritic 
cells increases local inflammation through IL-12 
and activation of T-cells and B-cells of the adap-
tive immune lineage [4, 15].

This regenerative resolution to implant place-
ment promotes the migration of progenitor cells 
from the distal bone bed toward the implant 
micro-environment, using the provisional matrix 
created by the blood clot. Clinically, the success 
of implanted materials in orthopedics and den-
tistry is dependent not only on bone apposition at 
the implant–tissue interface but also on the estab-
lishment of a vascular supply in the peri-implant 
bone to allow delivery of oxygen and nutrients, 
as well as systemic hormones and osteoblast- 
progenitor cells (Fig.  11.1). Angiogenesis, the 
formation of new capillary blood vessels from 
the preexisting vasculature, is also initiated in a 
regenerative micro-environment. This is a critical 
process during the formation of new bone and 
bone fracture healing [16, 17], as well as during 
bone regeneration and osseointegration of 
implanted materials [18].

Progenitor cells migrating to the peri-implant 
microenvironment from the bone bed and pro-
genitor cells on the implant surface secrete mod-
ulatory proteins that support the creation of an 
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osteogenic environment during inflammation 
resolution. Growth factors and cytokines pro-
mote osteoblast (OB) lineage-commitment of 
MSCs and osteoprogenitor cells and later on, fur-
ther OB maturation, enhance angiogenesis, and 
modulate osteoclast (OC) mediated bone- 
resorption around the implant [19]. This transi-
tion from an inflammatory response to primary 
bone formation occurs 1–2  weeks 
post-implantation.

OBs are responsible for secreting and miner-
alizing the initial unorganized collagen matrix to 
form primary bone. In addition to the primary 
bone formation by OBs migrating toward the 
implant from the distal native bone bed, contact 
osteogenesis also occurs directly proximal to the 
implant surface. Progenitor cells differentiate 
into OBs based on chemical and topographical 
cues of the implant surface. The initially adsorbed 
proteins from the hematoma remain important as 
the cells do not directly adhere to the surface of 
the implanted material. Mediated by integrins, 
MSCs on the implant surface differentiate into 
OBs via soluble Wnt and bone morphogenetic 
protein (BMP) signaling [20–24].

Cells interact with proteins on the implant sur-
face through integrin complexes composed of 
one alpha and one beta subunit. Integrin com-
plexes demonstrate specificity for binding motifs 
in proteins present in the extracellular environ-
ment and then interact with cytoskeletal elements 
to link the cell to its matrix. OBs express mRNAs 
for a number of integrin subunits including alpha 
1 (α1), alpha 2 (α2), alpha 5 (α5), alpha v (αv), 
beta1 (β1), and beta 3 (β3) [20]. Fibronectin 
adsorbed to the implant surface or within the 
hematoma has arginine-glycine-aspartic acid 
(RGD) motifs that interact with the α5β1 integrin 
complex, enabling cells to attach and proliferate 
[25]. As these cells produce extracellular matrix, 
they express the α2β1 and α1β1 integrin com-
plexes, which recognize glycine-phenylalanine- 
hydroxyproline-glycine-glutamic acid-arginine 
(GFOGER) motifs on type 1 collagen [26]. 
Topographical cues from cell-surface interac-
tions can change the conformation of the adsorbed 
proteins, resulting in a change in the conforma-
tion of the integrin complex, and a corresponding 

change in the cytoskeleton. This results in activa-
tion of cytoskeletal-based signal cascades, usu-
ally acting through phosphorylation of 
integrin-linked kinase (ILK) and focal adhesion 
kinase (FAK), and their respective downstream 
signals [26, 27].

Binding of α2β1 to collagen type 1 further 
enhances OB differentiation by upregulation of 
Wnt/BMP signaling to alter cell shape from a 
more flatted and spread morphology typical of 
MSCs to a more columnar shape typical of a 
secretory OB [28]. This is accompanied by 
increased expression of mRNAs for tissue non- 
specific alkaline phosphatase (TNAP) and 
increased alkaline phosphatase-specific activity, 
followed by increased expression and secretion 
of osteocalcin (BGLAP, OCN) (Fig.  11.3). 
Production of transforming growth factor beta 1 
(TGFβ1), as well as BMPs 2 and 4 and their 
inhibitors is also increased [29]. Disruption of 
these integrin complexes has been shown to 
inhibit OB differentiation, demonstrating the 
importance of these attachment proteins in cell 
sensing and response [20, 28].

Wnt signaling proteins have been shown to be 
involved throughout the bone modeling phase of 
osseointegration [30–32]. The Wnt cascade 
works through two pathways: canonical and non- 
canonical, defined by the involvement of 
β-catenin. Canonical Wnt (Wnt1/3/3a/8) signal-
ing increases the concentration of β-catenin in the 
nucleus and alters the transcriptional activity of 
T-cell specific transcription factor/lymphoid 
enhancer-binding factor 1 (TCF/LEF) family of 
transcription factors and transcriptional activa-
tion of Wnt target genes (RUNX2, BGLAP, 
TNAP, and OPG) [31, 32]. Non-canonical Wnt 
signaling works independently of β-catenin to 
enhance bone formation through Ca2+-dependent 
signaling, protein kinase C (PKC), and calcineu-
rin [24, 33]. Moreover, non-conical Wnt5a, 
together with protein disulfide isomerase A3 
(PDIA3), a cell membrane-associated receptor 
for the vitamin D metabolite 1α,25-dihydroxy 
vitamin D3 [1α,25(OH)2D3], signal through PKC 
and enhance expression of BMP2 and BMP4 in 
MSCs (Fig. 11.3) [24, 31, 34, 35]. This mecha-
nism contributes to the enhanced OB differentia-
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Fig. 11.3 Diagram of protein adsorption onto a titanium 
implant and the subsequent migration of neutrophils and 
erythrocytes onto the fibrin network within the first few 
minutes of implantation. Subsequently followed by 
migration of monocytes which differentiate into M1 or 
M2 macrophages dependent on the implant microenviron-

ment. Late immune maintenance by adaptive immune 
cells such as T and B lymphocytes and regulated by den-
dritic cells. Immature dendritic cells help maintain 
implant integration whereas sensitive dendritic cells can 
leave to late-stage inflammation

tion observed in MSCs cultured on 
microstructured Ti surfaces [36].

BMP signaling also activates SMAD signal-
ing pathways and causes the upregulation of the 
RUNX2 transcription factor and osteoblastic 
gene expression [37]. BMP signaling is not only 
SMAD dependent; additional signaling pathways 
via ERK MAPK can also be upregulated to 
enhance the expression of osteoblastic genes. 
Downstream targets of these pathways are alka-
line phosphatase, osteopontin, osteocalcin, and 
collagen type I, which work in tandem to create 
primary bone appositionally to the implant sur-
face [38, 39] and local factor production that 
regulates distal bone formation (Fig. 11.3) [40].

The first bone present following implantation 
is the primary woven bone. Woven bone is 
 characterized by randomly oriented collagen 
fibrils in the bone trabeculae and is unable to sus-
tain the load. Mineralization of primary bone 
involves extracellular matrix vesicles. Implant 
surface designs to increase surface roughness 
have also been suggested to increase matrix vesi-
cle density surrounding the implant, but it is not 

known if this is due to the surface or load transfer 
around the implant [4, 41].

The random organization of primary woven 
bone must be remodeled into load-sustaining sec-
ondary bone [3]. The remodeling phase is charac-
terized by the first appearance of OCs around 
14  days post-implantation. OCs function by 
tightly connecting to the mineralized bone matrix 
using integrins, creating a sealed space that is 
acidic, enabling the dissolution of the bone min-
eral. Proteolytic enzymes within the space 
include acidic matrix metalloproteinases (MMPs) 
and cysteine proteinases, including cathepsin 
K.  These enzymes degrade the bone matrix, 
resulting in the formation of an OC resorption pit 
[42, 43]. OCs also coat the demineralized bone 
surface with proteins that provide binding sites 
for osteoprogenitor cells that migrate onto the 
newly generated surfaces of the resorption pits. 
These cells differentiate into OBs and synthesize 
and mineralize new bone. Thus, the primary bone 
is reorganized into a load-sustaining orientation 
by the cyclical action of OBs secreting and min-
eralizing matrix and OCs resorbing bone. This 
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communication is reciprocal in nature and is due 
to tightly regulated paracrine signaling. The end 
result is stress-oriented haversian bone [44, 45].

Paracrine signaling between OBs and OCs 
involves the interaction of receptor activator of 
nuclear factor kappa B ligand (RANKL) with 
RANK on OC precursors (OCPs), stimulating 
their differentiation into mature OCs. OBs and 
immune cells secrete macrophage colony- 
stimulating factor (M-CSF) as a chemoattractant 
for monocytes of the hematopoietic stem cell lin-
eage, to form OCPs expressing the RANK recep-
tor [46]. OBs can hinder OC differentiation via 
OPG, which is a decoy receptor for RANKL. OPG 
binding to RANKL sequesters the activating 
ligand and prevents differentiation of OCs, 
decreasing the rates of resorption. This has the 
result of enabling net peri-implant bone 
 deposition and ensuring appropriate rates of 
remodeling primary bone.

OBs are in turn stimulated via bone matrix 
proteins that are released during OC-mediated 
resorption. BMPs, insulin-like growth factors 
(IGFs), and transforming growth factors (TGFs) 
stimulate OB differentiation and maturation and 
increase matrix deposition [4, 6, 46]. TGFβ1 
stimulates the proliferation of mesenchymal cells 
and enhances the production of extracellular 
matrix, particularly type I collagen [19]. It is syn-
thesized in latent form and stored in the extracel-
lular matrix together with a binding protein 
termed latent TGFβ binding protein (LTBP). The 
amount of TGFβ1 produced by OBs cultured on 
Ti is modulated in a surface-dependent manner. 
Most of the growth factor is produced in latent 
form and stored in the extracellular matrix, 
although there is also an increase in active 
TGFβ1 in cultures grown on microstructured Ti. 
The active growth factor acts in an autocrine/
paracrine manner to upregulate the production of 
OPG [47]. Surface designs to increase OPG and 
decrease the RANKL/OPG ratio are known to 
increase net bone formation, increase bone-to- 
implant contact, and better implant survival rates 
through the regulation of OC fusion and activity.

A robust vascular network is important for 
bone health. There is now a growing awareness 
that blood vessels are associated with nerves. The 

importance of neural regulation of bone homeo-
stasis has been addressed primarily by revealing 
bone innervation at the anatomical level [48]. 
The direct neural regulation in titanium implant 
osseointegration has been inferred by contrasting 
a model that imposes both direct denervation and 
diminished muscle activity with a model of 
diminished muscle activity [49]. Semaphorins, 
originally as identified as nerve-derived factors, 
have been implicated in the regulation of bone 
remodeling [50, 51].

The crosstalk regulation between OBs and 
OCs can also occur through the semaphorin sig-
naling system, including their receptors, plexins 
(PLXNs), and non-ribosomal peptides (NRPs) 
[52–54]. Semaphorins are a class of membrane- 
bound and soluble proteins whose functions were 
first validated in the nervous system. The 
semaphorin- plexin system has been reported in 
the involvement of various biological events, 
including angiogenesis [55], immune response 
[56], oncogenesis [57], and bone homeostasis 
[58, 59]. Of the eight classes of semaphorin fami-
lies, SEMA3A and SEMA4D have been shown 
to be involved in the bone remodeling process. 
SEMA4D is a membrane-associated protein but 
acts as a soluble factor after proteolytic shedding 
[60]. SEMA4D is expressed in OCPs and mature 
OCs, but not in OBs [61, 62]. Its receptor 
PLXNB1 is detected in OBs, which indicates its 
potential role as a coupling factor. SEMA4D- 
PLXNB1 inhibits bone formation by activating 
RhoA and inhibiting the IGF-1 signaling path-
way [61, 63]. Deficiency in SEMA4D and 
PLXNB1 or blocking SEMA4D with antibodies 
in mice causes the trabecular bone mass increase. 
Fc-SEMA4D treatment inhibits osteoblast differ-
entiation by reducing alkaline phosphatase activ-
ity and osteocalcin production [61].

SEMA3A is a secreted protein that exerts its 
biological activity through interactions with 
NRP1 and subsequent complex formation with 
PLXNA1 [64, 65]. The dual regulation of 
SEMA3A on stimulating bone formation and 
suppressing bone resorption indicates its impor-
tance in the bone remodeling process. Regulation 
via SEMA3A has the potential to overcome the 
side effect of traditional humoral factors, which 
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simultaneously reduce bone formation and 
resorption [53, 66]. The synthetic SEMA3A 
treatment of OBs activates Rac1 through FARP2, 
which leads to the accumulation of β-catenin in 
the cytoplasm and the translocation of β-catenin 
into the nucleus [53]. The complex of SEMA3A 
and NRP1 also competes with the binding 
between PLXNA1 and TREM2/DAP12 complex, 
which is a co-stimulator of RANKL-induced 
osteoclast differentiation [53].

SEMA3A is produced by osteoblastic lineage 
cells, including MSCs and OBs. Its production is 
regulated by titanium surface properties via sig-
naling by integrins α2 and β1 [67]. Exogenous 
SEMA3A increases the osteoblastic differentia-
tion of MSCs on microrough titanium surfaces, 
and this effect is further enhanced when the cells 
are cultured on microrough and hydrophilic 
 titanium surfaces. Increased production of OPN 
and OPG in response to SEMA3A treatment sup-
ports an important role for SEMA3A as a cou-
pling factor capable of regulating bone 
remodeling occurring with the presence of tita-
nium surfaces [67].

Over time sufficient bone is remodeled and 
the implant gains what is known as secondary 
stability. Following repeated cycles of OB–OC 
interaction in a load-sustaining fashion over 
2–3  months, the implant becomes stably inte-
grated into haversian bone. Haversian bone is 
characterized by tree trunk-like ring structures, or 
osteons, which are concentric circles of new bone 
with blood vessels and innervation at the center. 
The haversian bone then is controlled internally 
via mechano-sensing osteocytes, which sense 
load and microfluidic movement through nano- 
pores within the bone, and modulate the recipro-
cal action of OBs and OCs [68]. Osteocytes are 
terminally differentiated OBs that are embedded 
within the mineralized matrix and form a net-
work of cell processes throughout the haversian 
bone system. They decrease net bone formation 
by producing a soluble protein called sclerostin, 
which inhibits Wnt and BMP-induced OB differ-
entiation and action [69]. Osteocytes can also 
signal using nitric oxide and prostaglandins to 
recruit OCs, thereby stimulating new bone for-
mation in response to micro-trauma from load-

ing. Ultimately, the end result is bone capable of 
remodeling and realigning to sustain cyclical 
loading transduced by the implant [4, 6].

Instances of poor implant integration can be 
attributed to a number of issues during implant 
placement and the subsequent biological 
response. If an implant does not achieve primary 
stability, the micro and possible macro- movement 
of the implant can disrupt primary bone forma-
tion, leading to fibrous encapsulation with fibro-
nectin and collagen types I and III [70]. There are 
also compromised situations in which an 
implanted endosseous dental implant will have a 
higher degree of failure due to alveolar ridge defi-
ciency [71]. Alveolar ridge deficiency occurs 
after natural teeth are lost and the alveolar bone 
around the socket of the tooth becomes unloaded. 
Additionally, patients who have undergone natu-
ral or surgical menopause can have estrogen- 
deficient bone loss. Therefore, some treatment 
options require bone augmentation prior to 
implant placement [71, 72].

Post-integration there are still some major 
issues plaguing the field of dental implantology 
such as peri-implantitis and metal ion leaching. 
Osseointegrated implants can undergo site- 
specific prolonged infectious disease due to one 
or a combination of causation factors such as 
excessive loading, implant resident bacteria, soft 
tissue morphology changes or degradation, and 
implant design. The result is a gradual recession 
of bone height, fibrous encapsulation, infection, 
pain, and implant failure [4, 6, 70, 73].

11.2  Material and Surface 
Designs

The ability of an implant surface to dictate cellu-
lar response is a fundamental principle of modern 
implantology. Therefore, there are key parame-
ters when considering surface design for a dental 
implant. The implant material should be highly 
biocompatible. The surface must also be 
corrosion- resistant and wear-resistant to sustain 
structural integrity and reduce metal debris 
throughout the life of the implant under cyclic 
loading. Ti and Ti alloys like titanium-aluminum- 
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vanadium (Ti6Al4V) and titanium-zirconium 
(TiZr) fit these requirements because the Ti oxide 
that forms on the surface is biocompatible, 
corrosion- resistant, and wear-resistant. In addi-
tion, the material surface should be osteoconduc-
tive to enable peri-implant osteogenesis and it 
should provide sufficient physical and chemical 
information that supports OB differentiation of 
osteoprogenitor cells.

The osteoconductive/osteogenic properties of 
the material surface are essential for specific pro-
tein adsorption profiles on the implant surface, 
which determines available binding domains of 
adsorbed proteins. Overall wettability further 
facilitates these protein-surface interactions. As a 
result, materials that readily interact with water 
through intermolecular forces can have superior 
behavior post-implantation through the 
 adsorption and homogeneous spreading of pro-
teins across the surface during implant place-
ment. The concentration of fibronectin on the 
surface increases with increasing surface rough-
ness, and the increase in available binding sites 
for cells contributes to enhanced osseointegration 
[74]. It is important to note that any one parame-
ter is not sufficient to account for the osteogenic 
properties of a surface design. Fibronectin can 
also lead to fibroblastic differentiation of progen-
itor cells, and ultimately fibrous connective tissue 
formation. Thus, it is the totality of the surface 
properties that elicit chemical and biological out-
comes and not one single parameter.

Various methods currently exist to modify the 
surface parameters and alter protein adsorption 
onto the surface; subsequently, these altered pro-
tein profiles dictate cellular response. The 
microscale mesoscale and nanoscale topographic 
features of the implant surface are important 
parameters for modulating biological response. 
The surface roughness of commercially available 
implants is usually generated through varying 
degrees of grit-blasting, acid-etching, or a combi-
nation of the two processes [20, 24, 35, 47, 75, 
76], although other methods exist, such as Ti 
plasma spraying (TPS), anodization, cold plasma 
treatment, and synthetic biochemical surface 
coatings [77–80].

Novel manufacturing methods for medical 
devices have also impacted the development of 
metal-based orthopedic and dental implants. 
Additive manufacturing (AM) has been used in 
the aerospace industry to create lightweight but 
durable parts and is being used in the medical 
field with increasing prevalence. Many methods 
exist to create 3D metal implants with complex 
geometries, and each method has its strengths 
and drawbacks [81]. The method used can deter-
mine build time, resolution of the implant geom-
etries, material selection, and mechanical 
properties. Additional macro and microscale 
roughness can be the result of the manufacturing 
method. AM implants possess microroughness 
due to the sintering of micrometer-diameter par-
ticles. However, AM implants that have not 
undergone further processing by grit-blasting 
and/or acid-etching do not possess meso or nano- 
structures and may result in loose particle wear 
from partially sintered metallic particles, metal 
hypersensitivity, and prolonged inflammation. 
AM implants can also be further processed by 
heat treatment to improve the fatigue properties 
of the metal, but this may further alter the surface 
morphology of the construct and affect cellular 
response. The effect of these heat treatments on 
cellular response is just beginning to be exam-
ined. Guidelines for further investigation have 
been implemented by the United States Food and 
Drug Administration (FDA), the American 
Society for Testing and Materials International 
(ASTM), and the American National Standards 
Institute (ANSI), among others to address the 
concerns regarding differences in material manu-
facturing and post-processing of medical devices 
[82–86].

Ti and its alloys have been the gold standard 
for dental implant materials as the ceramic Ti 
oxide surface they possess has a high affinity for 
appositional bone formation, biocompatibility, 
and good corrosion resistance. Additionally, Ti 
also has an excellent strength-to-weight ratio. Ti 
has more similar mechanical properties to bone 
when compared to other metals and alloys. 
However, its elastic modulus ranges from 90 to 
110  GPa, which is still much higher than the 
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20 GPa reported for cortical bone. These proper-
ties are tunable through the post-manufacturing 
modifications mentioned above [87, 88].

Other ceramics possess similar mechanical 
properties as Ti with respect to fatigue properties 
and strength and offer some advantages, such as 
tooth-like coloring and biocompatibility. The 
limitations of ceramics are their weak resistance 
to shear and tensile loading, leaving ceramic 
implants with a higher chance of fracture and 
implant failure. Recently, dental implant manu-
facturers have begun investigating the use of zir-
conium ceramics. The major ceramic used 
currently in non-metal dental implants is zirconia 
(ZrO2), which is a white crystalline oxide of zir-
conium and possesses an elastic modulus of 
200 GPa. However, zirconia is sensitive to tem-
perature changes, and rapid cooling from higher 
temperatures can cause the implant to fail, neces-
sitating the use of additional oxides to help 
 maintain its tetragonal crystal structure. The 
advantages of zirconia implants are the biocom-
patible bulk chemistry of the implant and the low 
possibility for ion leaching, compared to Ti and 
its alloys. Zirconia also possesses better mechan-
ical properties compared to aluminum oxide, pre-
viously used in ceramic dental implants. This is 
due to tetragonal zirconia polycrystals, which 
give zirconia a higher fractural resilience and 
higher flexural strength. Unfortunately, zirconia 
is still limited by the difficulty to produce tunable 
surface designs to facilitate enhanced osseointe-
gration. Therefore, Ti is still the choice material 
for dental applications [89–92].

11.3  Protein-Surface Interactions

The initial interaction of an inserted implant with 
biological tissue is the interaction of soluble pro-
teins in blood flowing into the wound bed during 
surgical trauma. Methods to assess the concentra-
tion and homogeneity of specific proteins at the 
interface can offer insights into the overall bio-
logic response to the implant. In order to assess 
the interface of implant surface design in a labo-
ratory setting assays have been developed for 
determining the mechanisms of protein adsorp-

tion, clot formation, and the quantity of soluble 
ions in the peri-implant space. In the section 
below, the methods for quantifying the initial 
interfacial interaction are described, as well as a 
description of the expected outcomes and context 
for the implications of these outcomes during 
osseointegration.

Assessment of the peri-implant interface and 
the effects of surface design on the initial bio-
logic mechanisms of integration of a dental 
implant require specific testing specifications. 
Discs that have undergone the same manufactur-
ing and post-processing methods are used to 
determine the interfacial behavior of the specified 
treatments. A common format for material cou-
pons is a disk that is cut into 15 mm × 1 mm discs 
post-processed usually by grit-blasting and/or 
acid-etching, and stored in comparable packag-
ing conditions used clinically [93].

One method to examine protein adsorption 
behavior uses fluorescence intensity to qualita-
tively and quantitatively assess the effect of sur-
face treatments on protein conformation. In one 
example, discs were incubated with 1 μM fibrino-
gen Alexa Fluor 546 conjugate solution in a buf-
fer solution (0.1 M Na2CO3) at a pH of 8.3. The 
solution was incubated on the disc and covered 
with a microscope coverslip [20-40  μL] in the 
dark for 5 min. Discs were then rinsed in the buf-
fer solution three times for 5 min each and dried 
with nitrogen gas and examined with fluores-
cence microscopy. Using this qualitative method, 
there large areas of non-uniform protein adsorp-
tion are seen. Also, hydrophobic areas were pres-
ent that lacked coverage. In contrast, surfaces 
treated to increase the wettability and hydrophi-
licity demonstrated increased coverage homoge-
neity. Quantitative image analysis of the areas of 
non-coverage as a percentage of total disc surface 
was correlated with surface cavities. Fluorescence 
intensity analysis of hydrophilic surfaces by this 
method demonstrated that hydrophilic surfaces 
decreased average intensity compared to hydro-
phobic surfaces, suggesting more uniform cover-
age and lower areas of clumping or disunity [93].

Additional methods to quantify protein 
adsorption use smaller discs (5 mm × 1 mm) in 
96 wells, and a similar method can be undertaken 
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using fluorescent isothiocyanate (FITC) conju-
gated to albumin or RGD peptide incubated for 
5 min and measured by microplate spectrofluoro-
metric reader to determine the amount of 
adsorbed protein at a higher throughput [94].

Adsorption of bovine serum albumin (BSA) is 
often used as a model for human serum proteins. 
Samples are incubated in a known concentration 
of BSA.  Non-adherent BSA remaining in the 
solution is determined using a standard curve. 
While this method can discern macroscale pro-
tein adsorption affinity, it does not provide speci-
ficity or conformation of the proteins on the 
substrate surface [95].

Enzyme-linked immunosorbent assays 
(ELISAs) can be used to quantify the concentra-
tion of specific proteins adsorbed onto the sub-
strate. Samples are incubated in solutions 
containing proteins of interest. BSA is incubated 
on the substrate surface at 37 °C for an hour to 
block any sites not occupied by the test protein(s). 
Antibodies that target the proteins of interest, 
such as vitronectin or fibronectin, can be used to 
quantify their respective concentrations using a 
horseradish peroxidase secondary antibody. 
Colorimetric changes in absorbance are then read 
using a microplate reader [95].

Matrix-assisted laser desorption/ionization 
time of flight mass spectroscopy (MALDI- 
ToF- MS) can be used to determine the size of 
proteins adsorbed on the surface. Laser light is 
used to vaporize the protein at a resolution of 
100 nm. The time of flight of the vaporized sam-
ples through the mass spectrometer determines 
the mass-to-charge ratio. Results are mapped 
onto known protein sizes in order to determine 
the adsorption profile of the surface [96]. Analysis 
by this method has demonstrated the ability of 
surface treatments to alter the profile of proteins 
and peptides under roughly 25 kDa. However, the 
complex interaction of these altered profiles in 
the context of osseointegration has not been 
elucidated.

Fourier transform infrared spectroscopy 
(FTIR) is used to further characterize the crystal-
linity of the proteins adsorbed onto the surface of 
substrates. 10% FBS or purified proteins (albu-
min or fibronectin) are commonly used as mod-

els. Samples are incubated for varying time 
points (1 to 4  h) in solutions of the proteins, 
rinsed, and analyzed for peak intensities of the 
amide I and amide II groups. In this method, 
amide I correlate to randomized orientations or 
turns in adsorbed proteins, while secondary pro-
tein structures such as α-helix or β-sheets are 
seen in amide II peaks. Surfaces that increase the 
FTIR peak for amide I have shown increased cell 
spreading and proliferation in vitro. This method 
is not sufficient to quantify the concentration of 
proteins adsorbed but can give predictive confir-
mation information of surface treatments [97].

Following initial protein adsorption, blood 
clot formation and extension is an important indi-
cators of surface properties and their effects dur-
ing implant integration. The methodology is 
rather simple. Whole human blood (50–200 μL) 
is pipetted onto the surface of the substrates and 
allowed to clot for 5–20  min. The surfaces are 
subsequently rinsed and fixed using paraformal-
dehyde, dehydrated by serial ethanol dilutions 
and desiccation, and imaged by SEM.  Digital 
images can then be mapped for the extension of 
the clot over the surface of the substrate, using 
software like ImageJ (National Institutes of 
Health, Maryland, United States). Studies have 
shown that increased microroughness increases 
clot extension, and wettability may contribute to 
extension [77, 98, 99].

Cell attachment, proliferation, and migration 
have been used to analyze the impact of surface 
design on clot formation. Clots in whole blood 
are allowed to form on implant surfaces for 
10 min. Cells are cultured on the clotted surface 
for 1, 3, or 5  days, fixed, and imaged by 
SEM. Surfaces that possess microroughness have 
been shown to increase the proliferation of pre-
cursor cells in a rat blood model. Another 
approach is to condition cell culture media with 
whole blood clots produced by incubating whole 
blood for 10 min on substrates of interest. This 
method enables examination of the effects of clot 
adsorption of local soluble factors. Again, micro-
roughened surfaces were shown to increase the 
concentration of VEGF, MCP-1, and other solu-
ble blood proteins, which increase the motility of 
precursor cells in a scratch test and transwell 
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migration analyses [100]. These assessment 
methods are similar to protein adsorption but 
more specific to non-soluble fibrin scaffolds. 
Expected outcomes for increased biological inte-
gration are increased adsorption of fibrin and 
fibronectin, and increased homogeneity of pro-
tein coating appositional to the surface. These 
factors can impact cell attachment, morphology, 
and differentiation.

Studies to determine the bonding strength of 
proteins to the substrate surface using atomic 
force microscopy. Tips are functionalized with 
monoclonal antibodies for specific cell attach-
ment points or functional proteins. These meth-
ods have been undertaken to determine platelet 
adhesion and density across substrate surfaces 
[101, 102].

Collectively, these in vitro methods for deter-
mining protein adsorption onto implant surfaces 
can provide insights into the expected behavior 
of immune and progenitor cells that migrate into 
the implant microenvironment. Some studies are 
limited in the number of proteins being examined 
and are low throughput, while others are capable 
of using biologically relevant whole blood but 
differences in donor blood profiles have not been 
examined. In the scope of surface design, implant 
surfaces that possess microroughness and hydro-
philic properties create more homogenous pro-
tein coating and alter the concentrations of the 
adsorbed proteins that have been shown to 
enhance integration in vivo [92, 103, 104].

11.4  Immune Response at 
the Interface

Immediately following the initial protein adsorp-
tion on the surface of the implant and the forma-
tion of the blood clot, the innate immune system 
responds to bacterial contaminants and tissue 
debris. Initial investigations to examine the inter-
action of immune cells with the implant surface 
used peripheral blood mononuclear cells 
(PBMCs) and polymorphonuclear leukocytes 
(PMNs). Experiments have assessed cell migra-
tion, adhesion, activation, signaling, and apopto-
sis, providing information on the peri-implant 

microenvironment during the resolution of the 
inflammatory phase of osseointegration. PBMCs 
include lymphocytes (T cells, B cells, and NK 
cells) and monocytes. PMNs include neutrophils, 
eosinophils, and basophils.

11.4.1  Neutrophils

Methods to examine the behavior of the initial 
interaction of a metal implant surface with the 
immune system use mononuclear cells and neu-
trophil leukocytes separately or in co-culture on 
discs with the properties of interest. This experi-
mental method measures cytokines produced by 
these cells to predict the in  vivo response to 
implant insertion. More recent analyses have 
evaluated the response of neutrophils isolated by 
flow cytometry (CD11b+/Ly6G+) by assessing 
cell spreading and overall NET formation via 
confocal microscopy, as well as by analyzing 
gene expression [9]. ELISAs are used to measure 
anti-inflammatory (IL-1 receptor antagonist, 
IL-4, IL-10) and pro-inflammatory (IL-8, IL-6, 
IL-1β, IL-12, IL-17, TNF-α) cytokine produc-
tion. Neutrophil activity markers for inflamma-
tion like neutrophil elastase and myeloperoxidase 
are also evaluated by ELISA and have been 
shown to be regulated by surface properties [9].

To do these studies, mononuclear and neutro-
phil leukocytes are separated from human donor 
blood by centrifugation and cultured on metallic 
disc substrates. Conditioned media are collected 
and analyzed using LPS treatment as the positive 
control for inflammation [105, 106].

In addition to measuring cytokine production, 
conditioned media from these cultures are used 
to assess effects on macrophage regulation, bac-
terial killing, phagocytosis, and chemotaxis. Of 
particular interest is the effect of the conditioned 
media on macrophage phenotype based on the 
presence of pro- and anti-inflammatory surface 
receptors on macrophages [9]. The ability of the 
conditioned media to induce mononuclear leuko-
cytes to kill Staphylococcus aureus is used to 
indicate the effectiveness of an implant surface to 
direct a pro-healing immune response [105]. 
Another approach is to examine the endocytosis 
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ability of myeloid leukocytes to take up fluores-
cently labeled Escherichia coli [105]. Another 
important indicator of a well-designed surface 
with respect to immunomodulation is the ability 
to attract neutrophils. This is assessed by assess-
ing the migration of neutrophils through a mem-
brane in response to a gradient generated by 
conditioned media [105].

Apoptosis is another process that can be moni-
tored to determine the effect of surface topogra-
phy and chemical makeup on the immune 
response. PMNs have relatively short life spans 
during osseointegration and prolonged activity 
can create high levels of reactive oxygen species. 
A method used to test the apoptotic affinity of the 
PMNs is described below. Conditioned media 
(500 μL) from either PMNs or PBMCs on the 
surfaces of the test substrates are mixed with 
500μL of PMNs in cell suspension and cultured 
for 24 h. The cells are subsequently imaged using 
SEM and quantified for DNA fragmentation 
through flow cytometry by the TUNEL method 
[106]. TUNEL uses an enzyme (terminal deoxy-
nucleotidyl transferase) to attach fluorescent 
labels to the end fragments of apoptotic 
DNA. Fluorescence intensity is then quantified as 
apoptosis. PMNs undergoing apoptosis exhibit 
blebbing morphology (tiny circular vesicles), 
condensation and separation of DNA, vacuole 
formation in the cytoplasm, and mitochondrial 
degradation. These changes can be assessed by 
SEM and bright field imaging [107].

Surface designs that enhance integration are 
expected to increase the production of anti- 
inflammatory factors by PBMCs and PMNs cul-
tured on the material surface. It has been shown 
that increasing surface roughness increases the 
production of these cytokines, which could be 
attributed to extended PMN residence due to an 
inhibition of apoptosis signaling by cell-material 
interactions [105–108]. In the scope of peri- 
implant tissue repair there is no defined threshold 
for the extended residence of the PMNs. It is 
known these immune cells are necessary signal-
ing mediators to remove bacterial/inflammatory 
agents and promote wound healing; however, 
in  vitro assays are unable to determine if pro-

longed activity can be detrimental to osseointe-
gration [106].

An important consideration to make in this 
experimental setup is the diameter of the material 
substrates. If the disc being used has a smaller 
diameter than the culture well, cells will be inter-
acting with the tissue culture polystyrene (TCPS) 
surfaces in all experimental cases, which can 
dilute some of the effects of the material differ-
ences or surface designs.

11.4.2  Macrophages

Macrophages are also key regulators of the host 
immune response during the osseointegration of 
a dental implant. Much like PMNs, macrophages 
secrete cytokines and modulate phagocytosis, to 
control cell migration, proliferation, and activa-
tion. Methods to analyze these cells differ from 
PMNs in that macrophages are also dependent on 
their activation state when it comes in contact 
with the surface-adsorbed proteins. Studies into 
the morphological behavior of macrophages on 
differing substrates through bright field micros-
copy, confocal microscopy, and SEM imaging 
have demonstrated an affinity for macrophages to 
adhere and elongate on rough surface topogra-
phies [109–112].

To examine the behavior of macrophages at 
the interface, cells are often incubated with bac-
terial lipopolysaccharide (LPS) or IL-4 to acti-
vate the macrophages to either an M1 
pro-inflammatory type or M2 regenerative type. 
Previous studies used only LPS to activate mac-
rophages and compared the response to non- 
activated macrophages. In one study, inactivated 
and LPS-activated RAW264.7 mouse macro-
phages were cultured at 500,000 cells per mL per 
well for up to 48 h prior to media collection on 
substrates (15 mm × 1 mm) of differing combina-
tions of grit-blasting and acid-etching. It is 
important to note these substrates fit and covered 
the entire well bottom of a 24-well plate, prevent-
ing cells from adhering to the TCPS surface. The 
macrophage-conditioned media were analyzed 
for cytokine production (TNF-α, IL-1β, IL-6, 
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MCP-1, and MIP-1α) by ELISA. Substrates that 
were grit blasted and acid etched enhanced the 
production of TNF-α, IL-1β, and IL-6 in a time- 
dependent manner in both activated and non- 
activated macrophage populations compared to 
the other surfaces. However, the chemokines 
MCP-1 and MIP-1α were decreased on the sub-
strates treated by both grit-blasting and acid- 
etching for non-activated macrophages and were 
increased when cells were activated by 
LPS.  These results suggest that specific topo-
graphic features can modulate the immune reso-
lution and that surface treatments differentially 
affect chemokine production depending on the 
activation state of the macrophages in contact 
with the surface [113].

More recent investigations into macrophage- 
implant behavior have assessed surface hydro-
philicity as a determining factor of macrophage 
activation and response. Similar to previous stud-
ies, primary non-activated macrophages were 
harvested from mice and cultured on clinically 
relevant metal-based implant substrates for 24 to 
72  h to determine the cytokine production pro-
files. ELISA quantification of TNF-α, IL-1β, 
IL-6, IL-4, and IL-10 was used to predict the 
likely immune resolution process the macro-
phages would undergo. An M2 response was 
defined as increased production of the anti- 
inflammatory cytokines IL-4 and IL-10 and 
decreased levels of TNF-α, IL-1β, and IL-6. 
Substrates that had increased wettability pro-
duced higher levels of anti-inflammatory cyto-
kines than hydrophobic roughness-matched 
substrates, and a combination of microroughness 
and hydrophilicity increased the anti- 
inflammatory cytokines, compared to smooth 
hydrophilic substrates [80, 112].

There is also evidence the bulk chemistry of 
an implant material can influence the macro-
phage resolution during osseointegration. Using 
a similar experimental design to the one described 
above, TiZr SLA was shown to be capable of pro-
ducing an enhanced anti-inflammatory environ-
ment similar to the hydrophilic Ti SLA surfaces, 
even though the TiZr SLA surface is hydropho-
bic. This study also highlights another quantifica-
tion method for macrophage response through 

the examination of mRNA levels for anti- 
inflammatory genes (Il10,Tgfb, Chil3, and 
Rentla) and pro-inflammatory genes typical of 
M1 activation (Il1b, Il6, and Tnfa) 24 h after cul-
ture on the surfaces [114]. The results demon-
strate a transcriptional control of macrophage 
response by surface properties, in addition to the 
regulation of protein production, which is impor-
tant since macrophages play a vital role in initial 
innate implant tolerance and wound repair fol-
lowing surgical trauma.

11.4.3  Foreign Body Giant Cells

Foreign body giant cells (FBGCs) are large mul-
tinucleated cells formed through the fusion of 
macrophages. These cells are found on implant 
surfaces and are important for maintaining the 
equilibrium of osseointegration. Persistence at an 
implant site is defined as a “foreign body reac-
tion,” which occurs when there is a breakdown of 
this equilibrium. Reactivation of these cells can 
contribute to bone resorption, macrophage reacti-
vation, and chronic inflammation [115–118].

FBGCs have been differentiated in vitro (from 
macrophages) with the addition of IL-4, and fuse 
through E-cadherin and STAT6 pathways [116]. 
However, it is still extremely difficult to model 
the complex immunological response required to 
activate fusion and examine the effects of FBGCs 
on an implant surface. Co-culture experiments 
using trans-wells and primary cells (fibroblasts 
and macrophages) have provided better predic-
tions of in  vivo cell interactions, compared to 
monoculture. This is attributed to the ability of 
cells to communicate through contact and non- 
contact signaling pathways in real time [119]. 
Further characterization of FBGC has demon-
strated these cells are implant-resident and are 
differentiated from tartrate-resistant acid phos-
phatase (TRAP) positive OCs by expression of 
cell surface markers: integrin β2 for FBGCs and 
integrin β3 for OCs [115]. There are few analyses 
focused on FBGC behavior peri-implant; instead, 
studies focus on macrophage signaling and 
immune resolution within the innate immune 
system prior to FBGC formation.
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11.4.4  Dendritic Cells

Dendritic cells are immunomodulatory cells that 
help organize the immune response around a for-
eign object and have been implicated with inflam-
matory osteoclastogenesis and osteolysis via 
upregulation of RANKL.  Upon inflammation, 
the dendritic cells mature and increase produc-
tion of pro-inflammatory cytokines. Therefore, a 
biomaterial that maintains the immature pheno-
type can decrease inflammatory response and 
accentuate osseointegration.

Methods to examine the maturation state and 
activation levels of dendritic cells peri-implant 
assess protein production and morphology. In 
order to test the effects of varying surface proper-
ties on dendritic cell maturation, in one example, 
adherent cells from PBMC whole blood isola-
tions were cultured with dendritic cell media for 
5  days in granulocyte-macrophage colony- 
stimulating factor (GM-CSF) and IL-4 to induce 
differentiation of monocytes into immature den-
dritic cells. At 5  days these immature dendritic 
cells were cultured on Ti substrates of clinical 
relevance at 500,000 cells per mL in a 24-well 
plate. Positive control for mature dendritic cells 
were TCPS wells treated with LPS, or untreated 
for negative control. Cells were harvested after 
24 h and assessed for cytokine production in the 
cell culture supernatant, and detached from the 
surfaces to quantify CD83, CD86, and HLA-DQ, 
which are known maturation markers for den-
dritic cells. In order to determine morphological 
differences between dendritic cells on smooth Ti 
(PT), acid-etched/grit blasted Ti (SLA), and 
hydrophilic Ti (modSLA) surfaces, cells were 
imaged by SEM after serial dehydration in ace-
tone, critical point dried, and sputter coated. 
Additionally, a multiplex magnetic bead analysis 
was undertaken to quantify the common immune 
markers (TNF-α, IL-6, IL-1 receptor antagonist, 
MIP-1α, MCP-1, IL-1β, IL-10, and IL-8). Results 
demonstrated that dendritic cells retained their 
immature phenotype on the modSLA surface 
[14]. Cells on SLA exhibited similar phenotypic 
maturation to dendritic cells cultured on polished 
Ti and TCPS, indicating that microroughness 

alone is not capable of modulating the immune 
response of dendritic cells for Ti substrates. 
Maturation of the dendritic cell phenotype 
resulted in increased production of MCP-1 and 
expression of cluster of differentiation 86 
(CD86), potentially resulting in the recruitment 
of a variety of immune cells including mono-
cytes, CD4+, and CD8+ memory T-cells.

In addition to implant surface interactions 
dendritic cells are also involved in hypersensiti-
zation to peri-implant metal ions. To test this, dif-
ferentiated dendritic cells were treated with 
soluble Ti ions for up to 3 days, then analyzed for 
viability using a mitochondrial metabolism assay 
and BrdU incorporation assay for proliferation. 
The study also used flow cytometry to assess the 
surface marker expression of CD80, CD86, 
HLA-DR, CD54, and CCR6. Additionally, the 
production of IL-1β, IL-4, IL-6, IL-10, IL-12p70, 
and TNF-α was determined using a magnetic 
bead multiplex [120].

Exposure to Ti ions affected dendritic cell 
response, altering surface expression of HLA-DR, 
CD80, CD86, and CCR6, resulting in increased 
maturation and direction towards a Th1 hyper-
sensitivity. However, preventing hydrocarbon 
deposition onto the microrough Ti substrates cre-
ated a hydrophilic microrough surface, which 
prevented the maturation of the dendritic cell 
phenotype. Moreover, maintenance of the imma-
ture phenotype and non-stimulatory response of 
the dendritic cells did not inhibit their ability to 
respond to implant-associated infections [14].

11.4.5  B Cells, T Cells

The adaptive immune response relies primarily 
on antigen-presenting cells (macrophages and 
neutrophils) activating proliferation and matura-
tion pathways for B and T cells. There is evidence 
that implanted metals can inhibit the adaptive 
immune system. When PBMCs, T cells that have 
been differentiated via treatment with phytohe-
magglutinin (PHA), or B cells differentiated by 
treatment with LPS were cultured on Ti, chro-
mium, and cobalt, there were decreases in prolif-
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eration, production of IL-2 and IL-6, and altered 
interferon-gamma production that depended on 
the bulk chemical properties of the metal [121].

The overall goal of the implantation of bio-
compatible materials is to prevent the cascade of 
adaptive immunity involving B cells, T helper 
cells, T cytotoxic cells, and mature dendritic 
cells. Therefore, less focus has been placed on 
the response of B and T cells to the implant sur-
face, but rather on the response of the innate 
immune system and signaling molecules that pre-
vent the development and incorporation of the 
adaptive immune system. Animal studies investi-
gating the response of B cell formation and activ-
ity have demonstrated that after implantation, 
population numbers fluctuate but do not alter 
FBGC formation, and Ti implants have shown 
strong integration or immune tolerance by B 
cells.

PBMCs harvested from patients possessing 
successfully integrated Ti dental implants consti-
tutively produced IL-10, which could counteract 
the upregulation of IL-1β, IL-6, and TNF-α dur-
ing the innate immune response to Ti materials 
[122]. These analyses show bulk chemical prop-
erties influence cellular response, but there have 
not been studies to determine the effects of sur-
face microroughness and free wettability on the 
cellular activity of adaptive immune cells. The 
overall response of the immune system has shown 
that hydrophilic microrough surfaces alter pro-
tein adsorption, which in turn changes how innate 
immune cells respond. Neutrophils and macro-
phages have been shown in an in vitro setting to 
create a microenvironment that fosters tissue 
remodeling, immune resolution, and removal of 
debris and contaminants. This microenvironment 
can be attributed to the downregulation of pro- 
inflammatory cytokines and increases in IL-10 
and IL-4. These factors work in an autocrine/
paracrine manner to prevent adaptive immune 
response through B and T cell activation, expe-
diting the resolution of the inflammatory phase of 
osseointegration, and creating migratory signals 
for OB progenitor cells to start the osteogenesis 
phase of implant integration.

11.5  Assessment of Osteogenesis

Following the resolution of the inflammatory 
phase of osseointegration, the migration of MSCs 
and osteoprogenitor cells and the differentiation 
of these precursors into OBs create an environ-
ment that supports the formation and mineraliza-
tion of bone in response to chemical, physical, 
and biological cues. In vitro models have been 
successfully used to assess the contributions sur-
face properties have to different aspects of osteo-
genesis. Many of the in vitro studies employed to 
understand the bone–implant interface are based 
on cell attachment and the ability of the implant 
surface to facilitate an osteogenic environment. 
Most studies examining the osteogenic potential 
of implant surfaces in vitro have used cells that 
are either immature OBs or OB cell lines. 
However, the first group of cells to colonize the 
implant surface must be able to migrate through 
the peri-implant clot and are likely to be multipo-
tent progenitor cells.

The attachment of MSCs to implant materials 
and their subsequent proliferation, extracellular 
matrix synthesis, and differentiation are sensitive 
to properties of the surface. Attachment is 
reduced on microrough surfaces compared with 
TCPS or smooth Ti substrates [123]. Moreover, 
those cells that do attach exhibit reduced prolif-
eration. In contrast, these cells show increased 
markers of osteoblastic differentiation [124]. 
When cultured on implant surfaces MSCs pro-
duce markers of OB differentiation, including 
increased alkaline phosphatase-specific activity 
and production of osteocalcin, osteoprotegerin, 
osteopontin, TGFβ1, and RUNX2 [40]. Their dif-
ferentiation is further increased when cultured on 
substrates that have been grit blasted and acid 
etched compared to smooth substrates. The stim-
ulatory effect of the topographical features of the 
substrate is enhanced when the hydrophilicity of 
the surface is retained post-processing [82]. 
Moreover, MSC differentiation is accelerated 
from 21  days in cultures on TCPS grown in 
osteogenic media to within 4 days on Ti implant 
substrates without any osteogenic factors being 
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added to the cultures. OB phenotypic markers 
and the levels of regulatory factors in the condi-
tioned media are modulated by 1α,25(OH)2D3 
and in a manner that is synergistic with surface 
roughness [125].

The change in phenotypic markers is accom-
panied by a change in cell shape, suggesting that 
the physical environment elicits some of its 
effects via mechanical signals [28]. Cells that are 
attachment dependent interact with their sub-
strate through a number of mechanisms, includ-
ing specific binding of integrins to components of 
the extracellular matrix, as well as to proteins 
adsorbed on the substrate surface. The transition 
from MSC to OB is dependent on a change in 
integrin expression from predominantly α5β1, 
which binds fibronectin, to α2β1 and α1β1, which 
bind collagen type 1 [126]. Inhibition of integrin 
signaling by silencing individual subunits 
revealed that the effect of the surface microstruc-
ture is mediated through α2β1, whereas surface 
chemistry is mediated by α1β1 [127]. 
Furthermore, inhibition of α5β1 signaling results 
in reduced cell attachment to the surface and 
reduced proliferation indicating its importance 
for initial cell attachment [25], while cells 
silenced for α2β1 fail to undergo changes in cell 
shape associated with the shift from proliferation 
to a columnar morphology associated with a 
secretory OB [28]. This failure to undergo cyto-
skeletal rearrangement is also followed by 
decreased production of osteoblastic markers like 
OCN, PGE2, OPG, active and latent TGFβ1, and 
decreased alkaline phosphatase enzyme activity 
[20].

The distinct columnar morphology assumed 
by differentiated MSCs and mature OBs is depen-
dent on the architectural features of their sub-
strates. Microrough surfaces with peak-to-peak 
distances less than the length of the cell body 
drive the cells to become a more cuboidal shape 
with anchorage to the surface via long dendritic 
filopodia [128, 129]. This shift in cell shape by 
microrough topographies has been confirmed by 
experiments employing focused ion beam 
microscopy. The establishment of planar cell 
polarity correlates with the physiological behav-
ior of the cells. On smooth surfaces, production 

of the OB markers, prostaglandin, TGFβ1, alka-
line phosphatase-specific activity, and OCN is 
low [19]. Furthermore, proliferation rates are 
relatively high compared with cells cultured on 
rougher surfaces, and the morphology of cells 
appears more flattened and spread, resulting in a 
fibroblastic appearance. Moreover, these param-
eters are either not affected by 1α,25(OH)2D3 or 
the effect of the hormone is minimal, supporting 
a fibroblastic phenotype as opposed to a more 
mature secretory OB phenotype observed on 
rougher surfaces [130, 131].

In addition to modulating the cell shape, inte-
grin binding to their extracellular matrix ligands 
initiates a signaling cascade resulting in new 
gene expression and protein synthesis. These sig-
naling cascades include PKC-dependent phos-
phorylation and regulation of phospholipase D 
(PLD), culminating in mitogen-activated protein 
kinase (MAPK) activation [132]. Rough surfaces 
facilitate increased PLD activity of MG63 cells 
[133], suggesting that PLD may also play a role 
in OB differentiation on rough Ti substrates via 
interactions with PKC. Inhibition of PLD activity 
using siRNAs for the PLD isoforms PLD1 and 
PLD2 reduced surface-mediated OB differentia-
tion and reduced PKC activity, suggesting that 
PLD is upstream of PKC in mediating OB 
response to surface microstructure. Furthermore, 
it was shown that PLD2 is the primary isoform 
involved in this process [134]. Part of the effect 
of 1α,25(OH)2D3 on OBs is also mediated via this 
signaling pathway [132], which may explain why 
the osteoblast-like MG63 cell line responds in a 
synergistic manner to 1α,25(OH)2D3 when they 
are cultured on microrough topographies.

In addition to altered intracellular signaling, 
surface-dependent changes in OB physiology can 
result in changes in  local factor production and 
regulation in peri-implant tissues. Of these fac-
tors, prostaglandin plays an important role in 
mediating the effects of surface microtopography 
on OB physiology. As surface microroughness 
increases, levels of PGE1 and PGE2 produced by 
MG63 cells in the conditioned medium also 
increase [19]. The amount of PGE2 produced also 
appears to be sensitive to the method used to fab-
ricate microtextured surfaces [135] and to the 
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osteoblast-like cell model [136]. The elevated 
prostaglandins that are seen in cultures grown on 
rough surfaces appear to be required for enhanced 
osteogenesis as blocking prostaglandin produc-
tion with the general cyclooxygenase (Cox) 
inhibitor indomethacin also blocks the increase 
in markers typical of mature OBs. Both constitu-
tive Cox-1 and inducible Cox-2 are involved, as 
inhibitors specific to only one form of the enzyme 
fail to block all prostaglandin-dependent 
responses [137]. Moreover, 1α,25(OH)2D3 stimu-
lates PGE2 production by MG63 cells only when 
they are grown on rougher surfaces and this stim-
ulatory effect is dose-dependent and synergistic 
with the surface effect [138].

Other interacting pathways may contribute to 
altered phenotypic expression due to surface 
microtopography. Recent studies have shown 
crosstalk between non-canonical Wnt and BMP 
signaling pathways during MSC commitment to 
the OB lineage. Wnt5a and Wnt11 are both 
 non- canonical Wnts that work with some redun-
dancy to promote osteoblast gene expression 
(RUNX2, Col1A1, BGLAP, and TNAP) and local 
factor production (BMP2, BMP4, OCN, OPG, 
FGF2, and VEGF) on plastic and Ti substrates. 
These effects are also increased in a surface 
roughness- dependent fashion, and the combina-
tion of Wnt and BMP contributes to OB differen-
tiation of progenitor cells on microtextured Ti 
surfaces. Furthermore, stable suppression of 
WNT11 gene expression decreases OB response 
and delays cytoskeletal changes seen in wild-
type MSCs cultured on Ti surfaces possessing 
micro and mesoscale roughness and hydrophilic-
ity, while treatment with either recombinant 
Wnt5a or Wnt11 reverses the effect of silencing. 
This mechanism is the opposite of that seen on 
TCPS, where Wnt3a-treated MSCs on TCPS 
underwent suppression of osteogenic markers, 
such as decreased TNAP expression and alkaline 
phosphatase activity [139]. However, on Ti sur-
faces, the effects of Wnt3a are suppressed and 
inhibition of Wnt3a signaling increases produc-
tion of BMP2 and BMP4 by MSCs on microtex-
tured Ti [24].

Downstream of non-canonical Wnt signaling 
the expression of BMP has been shown to be 

important for OB differentiation on microtex-
tured Ti surfaces. BMP2 signaling is tightly regu-
lated during surface-mediated osteogenesis, and 
modulation of these signals can enhance or 
inhibit this process [22]. Autocrine and paracrine 
actions (BMPs) are known to be involved in sev-
eral cellular functions such as cell proliferation, 
differentiation, and apoptosis [140]. Among these 
proteins, BMPs 2, 4, and 7 are the most important 
in bone formation, healing, and regeneration. 
These osteoinductive factors provide molecular 
evidence of the increased osteoblastogenesis 
seen in vitro and for reduced time to loading and 
healing times seen clinically. Cells cultured on 
microstructured substrates display temporal 
upregulation of BMPs with increases of BMP2 
and BMP4 occurring as early as 4 days [22], sug-
gesting that they are early regulators of surface- 
mediated osteogenesis. Their presence could also 
serve as the impetus for the commitment of 
MSCs to the OB lineage when cultured on micro-
structured substrates, as they are known to regu-
late embryonic skeletal development. 
Furthermore, they also provide a mechanism for 
the differentiation of MSCs distal to the implant 
surface, as they are capable of multidirectional 
signaling. When MSCs were silenced for BMP2, 
the production of osteoblastic markers decreased 
when cultured on microstructured surfaces [22]. 
In contrast, increased production was observed 
when exogenous BMP2 was added to wild-type 
MSCs.

Recently, studies have examined paracrine 
signaling by local soluble factors produced by 
MSCs in contact with implant surfaces possess-
ing complex architecture at the macro−/micro−/
nano-scale. The results show that the production 
of factors necessary to induce osteogenesis 
in  vitro is increased. The addition of blocking 
antibodies for BMP2 reduce this effect, indicat-
ing that BMP2 is responsible for the autocrine/
paracrine stimulation of osteoblast differentiation 
that is observed. Conditioned media from these 
cultures causes osteoblast differentiation of naïve 
MSCs (OCN, OPN, OPG) [141].

Co-culture cell plates with adjustable heights 
can also be employed to evaluate the paracrine 
signaling of MSCs cultured on hierarchical Ti 
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surfaces. Recent work using these co-culture 
plates allows researchers to study the effect of 
local factors produced by MSCs cultured on Ti 
surfaces during surface-mediated differentiation 
on MSCs cultured above the surface on cell cul-
ture insert plastic. In this two-directional signal-
ing assay, we see that the local factors produced 
by MSCs on the surface increase the differentia-
tion of MSCs away from the surface and that 
these distal cells also produce local factors neces-
sary for osteogenesis (OCN, OPN, OPG, BMP2, 
VEGFA) when all cells are cultured in fresh 
growth media separately for the last 24 h before 
assaying. Employing antibodies for BMP2 and 
altering culture times also allows the cell matura-
tion stage and temporal signaling to be assessed. 
Results thus far indicate that biomimetic surfaces 
increase osteogenesis in vitro much more quickly 
compared to TCPS and osteogenic media [141]. 
Modification of the specifics of the experimental 
design may include allowing more mature MSCs 
to respond to the surface before beginning co- 
culture or altering the soluble factors in the co- 
culture to understand the differentiation process, 
as well as examining the interaction of various 
cell types.

Although BMP2 has been used to induce bone 
formation clinically, adverse effects including 
osteolysis, bone resorption, swelling, and seroma 
formation are concerning [142, 143]. Many of 
these adverse effects are attributed to the pro- 
inflammatory environment stimulated by high 
doses of BMP2 as well as its ability to induce 
apoptosis [140, 144]. This can be particularly 
problematic during the acute inflammatory 
response triggered in the early periods after 
injury associated with implantation. MSCs on 
microtextured surfaces produce lower levels of 
pro-inflammatory IL-6 and IL-8 and higher levels 
of anti-inflammatory IL-10 compared to MSCs 
on smooth substrates or TCPS [144]. While they 
produce BMPs locally, they also produce factors 
involved in their regulation, including Noggin 
[145] and they express BMP2 receptors [146]. 
This is important because the endogenous supply 
of BMP2 is modulated in a physiologically rele-
vant way, and cells are able to respond to BMP2 

when it is available. However, the addition of 
exogenous BMP2 reversed or blocked the effect 
of surface microtopography, increasing IL-6 and 
IL-8 and decreasing anti-inflammatory IL-10 
[22]. Mitigating inflammatory co-stimulation is 
one of the main advantages of a substrate-induced 
activation of endogenous BMP2 compared to 
exogenous BMP2.

Implant roughness also modulates the produc-
tion of angiogenic factors by OBs [147], suggest-
ing materials that support peri-implant bone 
formation may support both angiogenesis and 
osteogenesis. Both MG63 cells and OBs secrete 
several angiogenic growth factors into their con-
ditioned medium, including VEGF-A, basic 
fibroblast growth factor (FGF-2), and epidermal 
growth factor (EGF) [147]. When these cells 
were cultured on smooth substrates, secretions of 
VEGF-A, FGF-2, and EGF were increased com-
pared to cells cultured on TCPS. On microrough 
substrates, there was a further increase in the 
secretion of these proangiogenic growth factors. 
The production of angiopoietin-1 (Ang-1), a 
marker of later stages of angiogenesis, was not 
affected by implant microtopography in  vitro. 
The increased production of proangiogenic 
growth factors by MG63 cells cultured on sub-
strates with a rough microtopography resulted in 
increased endothelial tubule formation in both 
Matrigel® and fibrin gel angiogenesis assays 
[147], suggesting that implant surface roughness 
may directly enhance neovascularization as well, 
potentially resulting in the greater clinical suc-
cess of implanted materials.

The effect of supplementing microtopography 
with macro porosity on additively manufactured 
constructs alters the osteoblastic behavior as seen 
in MG63s and OBs. MG63s decreased prolifera-
tion and alkaline phosphatase-specific activity 
compared to surface microtopography alone. 
These early differentiation markers decreased 
with increasing porosity but are countered 
strongly by the significant increase in late matu-
ration markers for OB differentiation, osteocal-
cin, and the OC modulatory protein 
OPG. Additionally, VEGF-A and BMPs 2 and 4 
increased with increasing porosity [148]. Similar 
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effects are seen with OBs cultured on selective 
laser melting (SLM) constructs suggesting an 
enhanced differentiation capability [86].

There is evidence that the mechanisms by 
which cells sense microroughness on constructs 
with macro porosity are the same as those medi-
ating cell response to microroughness on two- 
dimensional substrates. SLM has been used to 
examine the effects of varying pore size with Ti 
SLM constructs with 300–900 μm diameters in a 
rabbit tibia model, and demonstrated 600  μm 
increased implant fixation at an earlier time-point 
than the 300 and 900 μm pore diameter constructs 
[149].

Additional concepts have been tested to deter-
mine the ability to create implants with antibiotic- 
eluting drugs to help prevent peri-implant 
infection. Results showed that the orientation of 
the eluting channel can impact the area of cover-
age by the antibiotic [150], showing the need for 
further analysis of implants possessing macro 
porosity. It is important to highlight the need for 
post-manufacturing modifications such as 
 grit- blasting and acid-etching to remove partially 
fused particles and decrease the likelihood of ion 
leaching into the area surrounding the implant.

To obtain a better understanding of the long- 
term effects of metal-based implants, an exami-
nation of ion concentrations has been undertaken 
to look at the effects of peri-implant ion leaching 
and metallic particles after platform-matched and 
platform-switched dental implants are inserted. 
Metal ion standards for titanium, aluminum, 
vanadium, and cobalt, chromium, molybdenum 
can be added to culture media to match ion con-
centrations around an implant for in vitro analy-
sis. These analyses demonstrate that 
platform-matched implants decrease OB cell 
viability, and metal ions increase the expression 
of pro-inflammatory and osteoclastic cytokines 
(IL-6, IL-8, and Cox-2) compared to untreated 
media. Methods to reduce peri-implant metal ion 
implant byproducts therefore could increase net 
bone and reduce implant-associated bone loss 
after placement [151].

Although it has been understood for some 
time that micro-rough implants outperform their 

smooth counterparts, there exists an increasing 
body of evidence implicating a favorable cell 
response to submicron and nanoscale features. 
OBs and MSCs have consistently been shown to 
produce higher mRNA and protein levels of OB 
markers, such as osterix, alkaline phosphatase, 
and osteocalcin. Furthermore, morphological 
evaluations of cells growing on nanomodified 
substrates compared to smooth controls show 
more filopodia extensions and actin cytoskeletal 
alignment [152, 153], as well as enhanced cell 
adhesion [154].

Image analysis at the interface has been used 
to determine the OB response to microroughened 
Ti alloy that was produced by AM. Calvarial OBs 
from 2BalRrrc transgenic rats, which constitu-
tively express a green fluorescent protein (GFP), 
were cultured for 2  days to determine cellular 
adhesion and morphological changes (Fig. 11.4a). 
A novel imaging approach was taken to correlate 
confocal fluorescent imaging with high- 
resolution SEM images taken at location-matched 
positions. To do this, cells were fixed in 4% para-
formaldehyde for 15 min and stained in a 500 μL 
PBS solution containing 1:80 dilutions of phal-
loidin 594 and 1:1000 dilutions of Hoechst for 
20  min in the dark. Cells were subsequently 
rinsed three times in PBS [155]. Next, a unique 
microscope mount was used to allow the transla-
tion of position between different microscopes. 
After sample calibration, confocal imaging was 
done to examine the cytoskeletal morphology of 
the OBs on the AM surfaces (Fig.  11.4b). 
Subsequently, the samples were dehydrated using 
serial step incubations in ethanol and critically 
dried using hexamethyldisilazane prior to image 
analysis with an SEM.  Samples were sputter 
coated with platinum and high-magnification 
images of the cell attachment points were taken 
to look at the effects of submicron architecture on 
cell adhesion (Fig.  11.4c). Location-matched 
images of the surface by SEM could be corre-
lated to confocal fluorescent images to give high- 
resolution surface details and cellular response at 
the same time (Fig. 11.4d) [155].

Responses to the surface also depend on the 
state of maturation of the cell in the OB lineage. 
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Fig. 11.4 Proposed mechanism for osteoblastic differen-
tiation of MSCs on microtextured Ti surfaces. MSCs 
migrate into the implant microenvironment and adhere to 
the provisional matrix peri-implant through Integrin α2β1. 
MSCs upregulate the expression and production of 
Wnt11. Pre-osteoblasts produce Wnt11 which signals 
through the non-canonical Wnt signaling pathway to 

increase expression and production of Wnt5a, in turn 
modulating PKC activity. Crosstalk between Wnt11 and 
Wnt5a signaling enhances the maturation of pre- 
osteoblasts into osteoblasts and increases the production 
of soluble BMP2, BMP4, OPG, and VEGF to create an 
osteogenic microenvironment

Numerous cell lines and primary cell cultures 
have been examined in this model including mul-
tipotent MSCs, fetal rat calvarial cells, and osteo-
cyte cell line MLO-Y4 [156, 157]. These 
experiments indicate that as cells become more 
mature, the stimulatory effect of the microrough 
surface on differentiation becomes attenuated. 
However, it is only on rough surfaces and only in 
the presence of BMP2 that fetal rat calvarial cells 
are able to establish three-dimensional nodules 
that form apatite minerals in a physiologically 
relevant manner [156]. Why this is the case is not 
yet clear. The results support in vivo observations 
that a material can affect cells directly on the sur-
face as well as cells distal to the biomaterial 
[158], indicating that the extracellular signaling 
factors released by the cells in direct contact with 
the material are sensed by other cells in the 
microenvironment, and potentially systemically 
as well.

11.6  Bone Remodeling 
and the Importance 
of Osteoclasts

Bone remodeling is a continuous process that 
occurs throughout adulthood. Its purpose is to 
maintain bone strength, remove damaged bone, 
and replace soft, cartilaginous primary bone dur-
ing osseointegration of implanted materials. The 
remodeling process is carried out by a balance of 
bone resorption by OCs and lamellar bone depo-
sition by OBs. These cells as well as MSCs, 
OCPs, and osteocytes form the basic metabolic 
unit (BMU; Fig. 11.5). Within the BMU, cellular 
and molecular reciprocal communication is key 
to successful bone remodeling. This process is 
also involved in the process of “modeling” that 
reconstructs primary bone to haversian bone 
thereby providing biomechanical stability 
between the implant and surrounding tissues. 
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a b c d

Fig. 11.5 Process of correlative microscopy to examine 
the cellular morphology at the interface. (a) 
Osteoprogenitor cells are cultured for 7 days on Ti implant 
surfaces. (b) After cells are fixed and stained, the cells are 
mounted on a unique microscope slide and calibrated to 
give (x,y) positioning during confocal imaging to deter-
mine the cytoskeletal morphology. (c) Cells are then fur-

ther processed by dehydration and sputter coated with 
platinum for SEM imaging. SEM images can be taken of 
specific interaction locations with increased resolution. 
(d) SEM Images can be overlaid with location-matched 
confocal images to give cytoskeletal and surface 
information

Any dysregulation in this coupling process may 
result in micro-damage accumulation, fractures, 
reduced bone healing, and implant failure [69].

Cells of the BMU maintain healthy communi-
cation through locally regulated factors and envi-
ronmental cues. The remodeling phase of 
osseointegration is initiated once the OCs begin 
resorbing primary bone, leaving behind a 
uniquely prepared surface with a complex topo-
graphical and chemical structure. This surface 
has been shown to be chemotactic for OB lineage 
cells, which migrate onto the surface where they 
will differentiate, mature, and produce osteoid 
consisting of extracellular matrix proteins such 
as type I collagen as well as osteonectin [159, 
160]. Mineralization of the osteoid is promoted 
through the regulation of local concentrations of 
calcium and phosphate and tailoring of the extra-
cellular matrix components, including osteocal-
cin and various growth factors. This is 
demonstrated by studies investigating the 
response of MG63 cells cultured on surfaces of 
bone wafers that were preconditioned by OCs. 

These cells preferentially colonized the resorp-
tion pits increasing their alkaline phosphatase 
activity as well as augmenting their production of 
osteocalcin and PGE2. The effect of the bone sur-
face was enhanced the longer it was conditioned 
by OCs [131]. Interestingly, prostaglandins are 
known to regulate bone remodeling by differen-
tially affecting OBs and OCs. PGE2 stimulates 
OC activity at high levels, but it is required at low 
levels for OB activity as previously described 
[161, 162].

Research of this nature was the impetus for 
designing dental and orthopedic implant surfaces 
containing complex topographical features and 
chemistries. Furthermore, these biologically 
inspired implant surfaces have been shown to 
influence the remodeling phase of osseointegra-
tion in vitro [45, 67]. To study BMU communica-
tion, a novel system was developed allowing 
examination of the effects surface-mediated 
MSC and OB factor production have on OCs 
(Fig. 11.6). OCs treated for 2d with media col-
lected from MSCs and OBs cultured on micro-
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Fig. 11.6 Interaction of cells comprising the basic meta-
bolic unit (BMU) during the remodeling phase of osseoin-
tegration. Monocytes differentiate into bone-resorbing 
osteoclasts by macrophage colony-stimulating factor 
(M-CSF) and receptor activator of NFκB ligand 
(RANKL). Bone marrow stromal cells are present near 

the vasculature and migrate to the bone surface and 
respond to the topographical and chemical cues of the 
bone surface, differentiating into osteoblasts that produce 
matrix. Osteoblasts embedded in an inorganic mineralized 
matrix are terminally differentiated and become mechano-
sensitive osteocytes

structured surfaces were shown to have their 
resorptive activity reduced. This reduction was 
sensitive to the specific surface properties present 
on the implant surface. Furthermore, mRNA lev-
els for OC fusion (OCSTAMP) and OC activity 
(CSTB, CA2) decreased while the expression of 
ITGAV, ITGB3, and CTSK remained largely 
unchanged [163].

These results demonstrate that implant surface 
properties can impact downstream events during 
the process of osseointegration including bone 
modeling. This is achieved without killing the 
OCs suggesting that the OCs have the capacity to 
return once the regulatory stimulus favors bone 
resorption. Others have shown that implant sur-
faces can impact other cells of the 
BMU.  Osteocytes make direct contact with the 
implant surface, suggesting their importance in 
maintaining healthy bone remodeling as well as 
the longevity of implant osseointegration [164].

The rate and extent of OC resorption are con-
trolled through a variety of mechanisms, but most 
notably through the release of active TGFβ1 and 
the production of OPG by neighboring cells. The 

regulation of TGFβ1 production on Ti surfaces 
depends on the cell model used [135, 136]. When 
MG63 cells are cultured on Ti surfaces, most of 
the TGFβ1 produced is in latent form and the 
amount increases on surfaces with rough micro-
topographies [19]. 1α,25(OH)2D3 does not alter 
TGFβ1 levels in cultures grown on smooth Ti, but 
it increases TGFβ1 levels in the media of cells 
grown on rougher surfaces and the effect is dose- 
dependent [125]. Furthermore, the distribution of 
TGF β1 between the matrix and the conditioned 
media of the cells is affected. On rougher sur-
faces, there is greater incorporation of TGFβ1 
into the matrix [165]. This is important for later 
bone remodeling because OCs release TGFβ1 
during the resorption phase where it is subse-
quently activated. Once activated, TGFβ1 can act 
on OCs to downregulate their activity, in part by 
regulating the production of OPG [47].

As previously stated, when RANKL binds its 
receptor RANK on OCPs, osteoclastogenesis is 
activated. To control this phenomenon, OBs pro-
duce OPG, which serves as a decoy receptor for 
RANKL [46]. By binding to RANKL, it prevents 

11 Biological Events at the Interface Between the Radicular Part of a Dental Implant and Bone
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Fig. 11.7 Schematic of the process of evaluating bone 
remodeling interactions in  vitro. MSCs or osteoblasts 
(OBs) are cultured for a duration of 7 days on titanium- 
based implant surfaces with distinct surface properties. 
Simultaneously osteoclast precursor cells (OCPs) are cul-
tured in a 96-well plate with growth media containing 
macrophage colony-stimulating factor (M-CSF) and 
receptor activator of NFκB ligand (RANKL) for 7 days. 

Conditioned media collected from MSCs or OBs is then 
supplemented with equal amounts of M-CSF and RANKL 
and added to matured osteoclasts in the 96-well plate. 
Activity can be measured after 48  h of interaction by 
image analysis of bone resorption area, molecularly 
through PCR gene expression, or through conjugation of 
fluorophores to collagen substrates if not using bone 
wafers

OC differentiation by preventing its interaction 
with RANK. However, OBs also produce soluble 
RANKL to deplete excess OPG from their envi-
ronment if the regulatory stimulus favors the for-
mation of new OCs. When grown on substrates 
with rough microtopographies, MSCs, OBs, and 
MG63 cells produce higher levels of OPG, but 
mRNA for RANKL and levels of soluble RANKL 
protein do not change. Levels of OPG are further 
increased by 1α,25(OH)2D3 in a synergistic man-
ner, but no change occurs in the expression of 
soluble RANKL. Thus, the net effect is bone for-
mation without bone resorption. Interestingly, 
OPG levels are influenced by BMP2, as made 
evident from its decreased production by MSCs 
silenced for BMP2 suggesting it may also impact 
bone remodeling [141, 166] (Fig. 11.7).

11.7  Expert Opinion

Osseointegration is a complex cascade of events 
that leads to the structural and functional connec-
tion between bone and an implant. Greater bone 
apposition to implant materials results in func-

tional stability, thus reducing the risk of failure 
while maintaining implant longevity. Although 
this is the desired clinical outcome, in vitro mod-
els have been successfully employed to assess the 
contributions surface properties have on the dif-
ferent phases and cell types involved with osseo-
integration. Many of these studies that attempt to 
understand the bone–implant interface are based 
on cell attachment and the ability of the implant 
surface to facilitate an osteogenic environment. 
Although important, this research has narrowed 
much of the focus of dental and orthopedic 
implantology to the development of modification 
techniques that are assessed only through their 
ability to support a favorable OB response. Vital 
knowledge of the impact implant surfaces have 
on the cellular and molecular events of osseointe-
gration and how implant surface features alter the 
dynamics of wound healing can be ascertained by 
broadening the focus of implantology research. 
Advances in implantology will promote the 
development of patient-specific implants 
designed to trigger healthy bone formation 
despite any adverse health issues the patient may 
present.
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12Mechanics 
of the Implant-Abutment- 
Connection

Katja Nelson, Alexander Rack, Bernhard Hesse, 
and Tobias Fretwurst

When investigating the interaction between 
implant and abutment in a dental implant system 
three essential features can be considered: design 
characteristics, material classification, and 
(bio)mechanical properties. Although described 
independently within this chapter, it should be 
apparent that an intimate relationship exists 
between these features. The investigation of the 
material properties and mechanics of the implant 
and abutment is essential to assess the perfor-
mance and longevity of dental implants in the 
oral environment. It might also help understand 
the biological behavior of the peri-implant tissue. 
Mainly experimental studies and/or mathemati-
cal models, a priori resembling different 

approaches but sometimes used complementary, 
allow us to gain insights into the biomechanics of 
dental implants.

12.1  Design of the Implant- 
Abutment Connection

12.1.1  Types and Classification 
of the Implant-Abutment 
Complex

Predominantly two-piece implant systems are 
used in dentistry. Two-piece dental implants con-
sist of an implant body, which is placed into the 
bone, and an abutment, which is fixed by an abut-
ment screw on the implant (Fig. 12.1).

The connection between both components 
(implant and abutment) is called the implant- 
abutment connection (IAC) and is usually con-
nected with an abutment screw making it a 
screwed joint. In contrast to a two-piece implant, 
a one-piece implant has no IAC since the implant 
body and the abutment are one piece. Irrespective 
of how many parts (one-piece vs. two-piece) the 
implant system consists of the prosthetic super-
structure can be fixed on the abutment. In one- 
piece implants the superstructure can only be 
cemented onto the abutment in two-piece implants 
it can either be cemented or screw- retained. 
Further descriptions mainly focus on methods 
used for the evaluation of two-piece implants.
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Fig. 12.1 Cross-sectional view of conical implant. I 
implant, IS implant shoulder, A abutment, AS abutment 
screw, a angle of implant-abutment mating zone

The IAC is a joint that serves two purposes: 
(1) to ensure the position stability of the pros-
thetic components during the restorative phase 
(scan body, impression copings, abutments). The 
static position stability defines the spatial rela-
tionship between the abutment, impression cop-
ing or any other prosthetic part, and the implant. 
The precision of fit between the components 
ensures the accuracy of the transfer of the spatial 
position of the implant into a cast/virtual model 
or the precise re-positioning of prosthetic compo-
nents in clinical use. The re-positioning of pros-
thetic parts has to be stable in three dimensions as 
the masticatory system involves a somatosensory 
system with a sensitivity that can detect occlusal 
deviations down to 8 μm [1–3].

The IAC and its precision are also essential for 
the (2) functional stability or mechanical joint 
stability defining the behavior during dynamic 
loading. In recent years increasing scientific 
focus has been laid on the mechanical properties 
of the IAC and its biological impact on the peri- 
implant tissue.

12.1.2  Position Stability of IAC

In the 1960s, the Brånemark implant was 
released, one of the first two-piece implants with 
extensive scientific documentation [4]. The ini-
tial Brånemark implant has a type of IAC defined 
as an external hexagonal butt-joint connection. 
The following years of research revealed mechan-
ical complications with external hexagonal butt- 
joint implants such as an increased risk of 
abutment screw loosening [5]. The conical 
implant-abutment connection was introduced 
with the ITI (International Team of Implantology) 
implant 20 years later in the 1980s [6]. Initially, 
the ITI implant had no anti-rotational index. Its 
anti-rotational index was introduced using the 
geometric design of an octagon in the 1990s [7]. 
All two-piece implant systems are based on two 
principles: either having a butt-joint or conical 
connection. These terms describe the design of 
the implant-abutment-interface precisely the 
angulation of the corresponding contact surface 
(mating zone) between the implant and the abut-
ment. Conical connections can exhibit friction fit 
(interference fit) if the angle (a) of the mating 
zone is between 1 and 8°, if the angle is greater 
than 8° it is not a conical connection based on 
friction fit. Butt-joint connections (clearance fit) 
depend on the preload of the abutment screw 
(Figs. 12.1 and 12.2).

The vertical position stability of butt-joint 
connections varies within a maximum of 10 μm 
whereas the conical connections can show a vari-
ation from 15 to 144 μm due to the property of 
the function of friction fit [1, 2, 8–10].

To ensure a rotation-safe positioning of the 
abutment an anti-rotation index is necessary. In 
external connections this index is positioned out-
side the implant body (e.g., Brånemark 
implant = external hexagonal butt-joint connec-
tion), and internal connections have their anti- 
rotation index inside the implant (Fig.  12.2). 
Today mainly internal connections are used, 
please regard, this is independent of the design of 
the mating zone. To minimize rotational freedom, 
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Fig. 12.2 Two-piece implant systems. Longitudinal sec-
tion through the implant-abutment connection of two- 
piece implant systems: Butt-joint connection (left) and 
conical connection (right). The butt-joint connection is 
defined by two surfaces (abutment on implant shoulder) 

joining horizontally or almost horizontally (marked red). 
In conical connections, the abutment and the implant join 
on an angled surface inside the implant body (marked 
red). I implant, A abutment, AS abutment screw

three geometric designs of the anti-rotation index 
are mainly used in current implant systems. 
These designs are based on one of three  geometric 
shapes/principles: polygon, polygon-profile, or 
cam-groove (Fig.  12.3) [11–13]. The different 
designs of the anti-rotation index have an impact 
on the rotational freedom IAC exhibits. 
Influencing factors on the amount of rotational 
freedom, which varies between 1.5 and 7.2° in 
current implant systems, are the geometric design 
and the engineering tolerance [1, 2, 8–10, 14].

To investigate the geometry of the anti- rotation 
index of a dental implant and its impact on rota-
tional freedom Scanning Electron Microscopy 
(SEM) (Fig. 12.3) and geometric analysis can be 
used [1, 2, 8–10, 14–16].

After the design characterization of the 
implant-abutment-connection, e.g., mode of IAC, 
anti-rotation index, the precision of fit of the 
implant, and abutment can be evaluated.

Measurement of the position stability of the 
abutment in the implant can be performed using 
optical (digital image correlation, digital holog-
raphy, stereo microscope) or mechanical (tac-

tile) methods and sometimes they are combined. 
The science of measurement is termed metrology 
and the metrologic methods used in dental 
implant research to quantify the precision of fit 
between the implant and abutment are discussed. 
These methods are not only used for the evalua-
tion of unloaded implant-abutment-connections 
but also when the load is applied to the IAC.

12.1.3  Metrologic Methods 
in Research Evaluating the IAC

Tactile measurements are usually performed 
using coordinate measuring machines (CMM) 
with very high accuracy in the sub-micron order 
[17]. CMMs measure the geometry of a physical 
object by sensing distinct points on the surface of 
the object with a probe. The object’s position or 
displacement is measured in a 3D Cartesian coor-
dinate system (XYZ axes). In each axis measure-
ment, points are sensed resulting in a point cloud 
allowing the micrometer precise reproduction of 
the 3D-position of the object (Fig.  12.4). The 
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Fig. 12.3 Design of the anti-rotation index. The most 
common three geometric forms currently used in implants 
(polygonal (1) polygon profile (2) and cam groove (3)) 
whereas the polygonal and cam-groove designs are the 

most common. Scanning electron microscopic images can 
help evaluate anti-rotational indices the image of a polyg-
onal (4) index design and a cam groove (5) design

CMM can be operated manually or computer 
controlled. Today CMMs can not only be 
 operated with touch probes but combined with 
laser or light sensors.

Optical measurements can be performed 
using photometry and/or radiometry.

Digital image correlation (DIC) is a non- 
contact optical technique that employs image 
registration techniques for accurate 2D or 3D 
measurements of changes in images providing 
deformation field data. The gray value pattern of 
image datasets is matched and analyzed to extract 
shape, deformation, and/or motion, which are 
quantified using correlation-based measure-
ments. Due to specialized algorithms and 
enhancement of the optical system’s high resolu-
tion, this method also allows accurate measure-
ment of the stress-strain curve of materials in 
motion. The DIC is often used to validate finite 
element analysis [18, 19].

Digital Holography (DH) describes the con-
cept of digital holographic recording of a plane 

reference wave and the wave reflected from the 
object interferes at the surface of an electronic 
sensor array (e.g., Charged Coupled Device 
[CCD] or Complementary Metal Oxide 
Semiconductor [CMOS]). The resulting holo-
gram is electronically recorded and stored in a 
computer. The object is, in general, a 
3- dimensional body with diffusely reflecting sur-
faces, located at a distance d from the sensor 
(measured to some representative plane). This is 
the classical off-axis geometry of photographic 
holography but in which the recording medium is 
an electronic sensor array capturing diffracted 
waves rather than photographic film, which can 
only capture intensity [20–22].

These digital methods can be combined to 
increase the information value within one investi-
gation or realize the evaluation of micro- and 
nano-sized objects.

The following methods are not only used for 
metrologic measurements but also for material 
analysis.
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a c

b

Fig. 12.4 The 3-dimensional displacement of the abut-
ment (a) after re-positioning can be measured in a defined 
experimental set-up with a standardized measuring envi-
ronment (temperature, formstabile embedding material, 

original parts), and multiple measuring points (white/blue 
dots) on standardized test bodies (b). Tactile measuring 
devices (c) have proven reliable

Stereo Microscope (SM) A stereo microscope 
is an optical instrument used to make objects 
larger in order to view their details. It uses light to 
illuminate the objects under view. The maximum 
magnification is 1250× and the resolving power 
is approximately ≥0.25 μm (250 nm). The light 
microscope is mainly used for thin light- 
transmitting objects (e.g., tissue biopsies). For 
solid objects, a reflected light microscope can be 
utilized. Its use for surface analysis or internal 
details of dental implants is restricted respec-
tively not possible.

Applications: Light microscopy (LM) is pre-
dominantly utilized to study the contact zone of 
implant and peri-implant tissue using histologic 
sections [23].

The use of reflected light microscopes to 
quantify gaps (size ≥0.25  μm) between two 
objects has been described [24]. Its use for micro-
structural analysis will be discussed in the mate-
rial section.

Electron Microscopy (EM) Electron micros-
copy uses a beam of accelerated electrons to illu-
minate and produce images of specimens. Using 
electron microscopy, higher magnification levels 
and resolution can be achieved compared to a 
light microscope because the wavelength of elec-
trons is shorter than that of photons.

The first electron microscope was developed 
in 1931 by the German scientists Ernst Ruska and 
Max Knoll. Today, electron microscopy com-
prises a wide range of different methods that use 
the various signals arising from the interaction of 
the electron beam with the sample to obtain 
information about the structure, morphology, and 
composition of the sample. It can provide high- 
resolution information about cells, tissues, biopsy 
samples, and metals (Table 12.1).

Atomic Force Microscopy (AFM) Describes a 
scanning probe microscopy with probes mechan-
ically “touching” the surface. It has a few 
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Table 12.1 Details about the specimen requirements and indications for the use of electron microscopic techniques

Electron microscopic 
method/abbreviation

Type/area of 
specimen Indication

SEM
Scanning electron 
microscopy

Morphology
Topology

Compact/thin 
specimen down to 
1 nm

– To study thin surfaces
– Higher resolution than LM
– 3D-imaging

TEM
Transmission electron 
microscopy

Structure
Composition

Thin specimen
<100 nm

Detection of crystalline areas, defects and grain 
boundaries, phase analysis, particle size

ED
Electron diffraction
Usually combined 
with TEM

Structure Surface of 
specimen

Determination of lattice parameter, crystal symmetry and 
orientation, phase analysis

EDX
Usually combined 
with SEM or TEM

Chemical
Composition

Surface of 
specimen

Allows qualitative and quantitative element analysis of 
materials or tissue biopsies up to a tissue depth of 
5 μm/<0.1 mass%/element atomic no. >4

 advantages over optical or electronic microscopy 
(1) it is not limited in spatial resolution due to 
diffraction or aberration, (2) it allows the mea-
surement of forces, e.g., mechanical properties of 
a sample and (3) it enables the mechanical 
manipulation of a sample. These features are usu-
ally important in solid-state physics, surface 
chemistry, or molecular engineering as atoms at a 
surface can be identified, interactions between 
atoms can be evaluated and (c) the changes in 
physical properties arising from changes in an 
atomic arrangement through atomic manipula-
tion can be studied.

Application: AFM technique is capable of 
revealing chemical information from the implant 
surface and bone-implant interface in 3D on an 
atomic level [25].

12.1.4  Implant Material

Besides the biological properties of implanted 
materials as described in Chap. 12 material prop-
erties are essential for the long-term survival of 
dental implants, these material properties com-
prise the microstructure of the implant and its 
surface composition. The material used should be 
biocompatible and exhibit adequate mechanical 
features [26]. In addition to the element’s macro-
scopic properties (geometric properties), such as 
their length, width, thickness, and mechanical 
properties of materials, the microstructures are 

important for the mechanical performance and 
longevity of the implant.

The chemical composition of dental implants 
is either metal, ceramic, or polymer. The elemen-
tal composition of the materials can be evaluated 
using ICP-MS (Inductively Coupled Plasma 
Mass Spectrometry) and ICP-OES (inductively 
coupled plasma optical emission spectrometry), 
details of the methods are given in Table  12.4 
[28].

Metals can be commercially pure titanium 
(Cp Ti) or titanium alloys. According to the 
American Society for Testing and Materials 
(ASTM), there are distinct types of titanium 
available as implant biomaterials. Four grades of 
commercially pure titanium (CpTi) and various 
titanium (Ti) alloys are being used for dental 
implants while today ceramic implants are made 
of yttrium-stabilized tetragonal polycrystalline 
zirconia (Y-TZP) [29]. PMMA, PEEK, and 
PU-Polymers are also used for the fabrication of 
dental implant bodies, but their dissemination is 
very low (Table 12.2) [30].

The American Society for Testing and 
Materials (ASTM), the British Standards Institute 
(BSI), and International Standards Organization 
(ISO) rationalize the various testing methods and 
parameters for biomaterials.

To characterize the material properties hard-
ness and strength are measured. Ductile materi-
als such as metallics or polymers will plastically 
deform until a fracture initiation, whereas brittle 
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Table 12.2 Overview of common materials for endosse-
ous dental implants adopted and modified from Osman 
and Swain [30]

1. Metals Titanium CpTi
Titanium alloys:
Ti-6A1-4V extra low interstitial (ELI)
Ti-6A1-4V
Ti-6Al-7Nb
Ti-5Al-2.5Fe
Ti-15 Zr-4Nb-2Ta-0.2Pd
Ti-29Nb-13Ta-4.6Zr
Roxolid (83%–87%Ti-13%–17%Zr)

2. Ceramics Yttrium-stabilized tetragonal 
polycrystalline zirconia (Y-TZP)

3. Polymers Polymethylmethacrylate (PMMA)
Polyether ether ketone (PEEK)
Polyurethane (PU)

a

b

Fig. 12.5 (a) Sketch of a standard test specimen for ten-
sile strength testing according to ISO 6892-1:2016 and 
ASTM E8:2016. (b) Depiction of a stress-strain curve for 
non-ferrous metals according to ISO 6892-1:2016 and 
ASTM E8:2016. Below this point (1) the amount of stress 
σ is proportional to strain ϵ (Hooke’s law), defining the 
elastic modulus of the material. After point (1) plastic 
deformation of the material begins

materials, like ceramics, will fracture under very 
low strain [30, 31]. When a material breaks with-
out significant plastic deformation it is termed 
brittle, even those of high strength [32].

Strength In general strength means the maxi-
mum stress the material can withstand. The 
strength of material in implant dentistry can be 
quantified by using the measurement of Tensile 
Strength. Tensile strength describes the force 
needed until the fracture of the material when 
pulled. By measuring the material while it is 
being pulled, we can obtain a stress/strain curve 
which shows how the material reacts to the forces 
being applied. The point of break or failure is of 
much interest, but other important properties 
include the modulus of elasticity, yield strength, 
and strain.

The yield strength defines the amount of 
stress a material can withstand before plastic 
deformation of the material occurs. For most 
materials, the initial portion of the test will 
exhibit a linear relationship between the applied 
force or load and the elongation exhibited by the 
specimen. In this linear region, the line obeys the 
relationship defined as “Hooke’s Law” where the 
ratio of stress to strain is a constant also called 
“Modulus of Elasticity” or “Young’s Modulus “ 
it’s SI unit is Pascal. Within this linear region, the 
tensile load can be removed from the specimen 
and the material will return to the exact same 
condition it had been in prior to the load being 

applied. Beyond this point, plastic deformation 
occurs.

The tensile and yield strength of a metal is 
usually determined using a standardized testing 
method according to ISO 6892-1 and ASTM E8 
[33, 34] (Fig. 12.5).

For materials with high modulus of elasticity 
(Young’s Modulus) like zirconia, the methods 
based on resonance frequencies [35, 36] are the 
most practical and accurate choice because of the 
low stress and strain involved. Flexural Strength 
gives information about the resistance of a mate-
rial against deformation, i.e. flexural strength 
indicates how much force is required to break a 
test sample of a defined diameter. It is usually 
evaluated when working with ceramic materials 
[37, 38].

Hardness Hardness is a surface property of a 
material. In general, a material is hard if it has a 
high tensile strength which might increase resis-
tance to permanent deformation and wear. 
Different hardness tests exist, they are typically 
performed by pressing a specifically dimen-
sioned and loaded object (indenter) into the sur-
face of the material you are testing (Fig. 12.6). 
The hardness is determined by measuring the 
depth of indenter penetration or by measuring 
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Fig. 12.6 Standard test methods for hardness testing

Fig. 12.7 (1) Light microscopic image of the cross- 
section of a dental implant prepared for microstructure 
analysis. Throughout the implant body (Im) various 
indentations are performed for the measurement of the 
hardness according to Vickers hardness test (HV). (2) The 
squared area of (1) is magnified, (3) further magnification 

reveals the microstructure of the material and the diamond 
pyramid indent becomes visible (4). All of the indenta-
tions will be electronically measured using the diagonals 
of the diamond pyramid indent which is seen in the mid-
dle of the picture (4)

the size of the impression left by an indenter [39] 
(Fig. 12.7).

Microstructure Describes the structure of a 
material that can only be revealed by a micro-
scope on a nm-cm length scale. The microstruc-
ture of a material (metals, polymers, or ceramics) 
influences the physical properties such as 
strength, ductility, hardness, corrosion resistance, 
or wear resistance (Fig. 12.8).

The crystal structure of a material describes 
the average positions of atoms within the unit cell 
and is specified by the lattice type and the frac-
tional coordinates of the atoms using X-ray dif-
fraction. The crystal structure describes the 
appearance of the material on an atomic (or Å) 
length scale.

The examination of these properties is essen-
tial to acquire complete knowledge of existing 
and new materials.
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Fig. 12.8 (1) Light microscopic images of the micro-
structure and the Vickers hardness value (HV) of different 
implant materials. Pure titanium grade 4 (TiGr4), cold- 
worked titanium (ColdTi), and titanium-zirconia alloy 
(TiZr). (2) Measurement of the grain size of a titanium 

grade 4 metal. (3) At the light microscopic level flaws (air 
inclusion) of the material can be detected, the knowledge 
of these is essential as they have a negative impact on the 
material properties and therefore the wear resistance of an 
implant

12.2  Mechanical Properties 
of the IAC

12.2.1  Mechanical Joint Stability

To study the behavior of dental implants under 
load various methods are available usually com-
prising in vitro studies or theoretical approaches. 
In vivo studies are limited to animal studies and 
have been applied to study the influence of load-
ing of dental implants on the peri-implant tissue 
[40, 41]. The mechanical behavior of the implant- 
abutment connection has been studied in in-vitro 
experiments and using numerical methods. 
Besides the geometric design features and mate-
rial properties of the implant and the abutment 
the surrounding parameters (bone, mastication 
forces, and direction) of the implant are of impor-
tance for numerical (in silico studies) and in vitro 

studies [26]. The pseudo-latin term in silico 
describes the use of computational or mathemati-
cal simulation or modeling of a natural or labora-
tory process [42].

12.2.2  Finite Element Analysis

Finite element analysis (FEA) is a numerical 
method used for the prediction of how a part or 
assembly behaves under given conditions. It 
helps predict the performance of a workpiece 
with complicated geometry, loadings, and mate-
rial properties where analytical solutions cannot 
be obtained. In implant dentistry, finite element 
analysis (FEA) has been applied to investigate 
the implant’s design, the structure and material of 
the superstructure, and its influence on the sur-
rounding bone. To date, FEA, in contrast to 
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in vivo studies, allows the measurement of stress 
distribution inside the peri-implant bone. Since 
the introduction of FEA in the field of implantol-
ogy this form of analysis has been increasingly 
used [43, 44].

FEA is a technique that divides one complex 
mechanical problem into smaller and simpler ele-
ments with different field variables which can be 
interpolated by using shape functions. Various 
components and different forms of numerical 
analysis of the mechanical behavior of the dental 
implant in bone exist. Parameters that influence 
the numerical analysis for the evaluation of the 
biomechanical behavior of implant-abutment 
assemblies comprise the modeling of the implant 
(geometry, material properties, surface struc-
ture), loading details, properties of the human 
bone, boundary conditions and modeling of the 
interface [45]. When performing FEA the bio-
logical and mechanical data used for numerical 
analysis need to be described precisely including 
the parameters listed in Table 12.3.

With the increasing complexity of the numeri-
cal method the chances of the representation of 
realistic conditions become greater [44, 46]. To 
determine the degree of accurate representation 
of a real situation of a numerical analysis differ-
ent validation models (in vivo human > in vivo 
animal > in vitro cadaver bone > in vitro animal 
bone > in vitro artificial material) in a hierarchi-
cal manner can be used [43, 44]. Due to the com-
plexity of oral biology and ethical considerations 
human in  vivo studies validating FEA data are 
scarce [47].

FEA can be validated in  vitro using DIC, 
strain gauge measurements, and synchrotron 
radiography, to date only 10% of the FEA studies 
have used the mentioned validation methods 
[48–50].

To examine the mechanical durability and 
behavior under functional load application 
mechanical implant testing is mandatory.

12.2.3  Mechanical Testing

Mechanical testing of dental implants is per-
formed in vitro using a reproducible set-up often 

regarding regulatory aspects (FDA and/or 
CE-marking) [51]. The mechanical static and 
fatigue tests of dental implants are not only 
required for regulatory reasons they are also 
useful for the research explaining biological and 
technical complications encountered. Biological 
complications comprise inflammatory reactions 
of the peri-implant tissue (peri-implantitis) 
which can occur in up to 20% of the osseointe-
grated implants and technical complications, 
like implant fracture, abutment screw loosening 
in up to 40% of the implants after 5  years of 
loading [52–54]. Dental implants are subject to 
multi- axial loading during mastication (1  Hz) 
[55] and maximum mean loading forces in den-
tal implants have been quantified to be up to 
450 N [56].

Maximum mean voluntary bite force in the 
natural dentition shows varying forces up to 

Table 12.3 Essential parameters and methods used in 
finite element analysis

Biological and mechanical 
parameters

Methods of finite 
element analysis

Implant:
Geometry (length, diameter, 
design), material properties
Abutment:
Mode of fixation to the implant, 
geometry, material properties, 
abutment screw
Peri-implant environment:
Bone/material structure, bone/
material quantity, bone/material 
to implant contact zone (BIC)
Suprastructure:
Geometry, material, mode of 
fixation on the abutment
Load: Direction of application 
and amount

–  2-dimensional or 
3-dimensional

–  Homogeneous 
isotropic linear 
elasticity

–  Inhomogeneous 
anisotropic linear 
elasticity

The fundamental assumptions for linear elasticity are 
small strains and linear relationships between the 
components of stress and strain
For an isotropic medium, the applied force will give 
the same displacements (relative to the direction of the 
force) no matter the direction in which the force is 
applied (two constants). Anisotropy refers to the 
directional dependence of material properties which 
describes a material having different properties when 
measured in different directions (>2 constants). The 
degree of anisotropy can vary which influences the 
number of constants of a calculation (transversely 
isotropic, orthotropic)
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650 N depending on type of prosthesis, antago-
nist, sex, age, and location in the mouth [57, 58].

When in vitro analysis is performed, a detailed 
description of the implant, abutment, and abut-
ment screw including material properties, geom-
etry should be given as well as the parameters of 
the loading conditions (number of cycles, 
 magnitude of force, angle, and medium) [48, 59]. 
Implant dimension and geometry should not only 
comprise the parameters diameter and length of 
the implant but also the implant wall thickness 
and the geometry of the implant-abutment- 
interface [48, 60].

In vitro mechanical testing methods used in 
dental implant testing, are maximum static 
load-bearing capacity or single load to failure 
(SLF) [61]. A load is applied to an individual 
specimen, and the maximum load at failure is 
reported. Failure is defined as the load value at 
which a sharp drop in the load occurs after the 
main part of deformation and energy absorption. 
Usually, a force/displacement curve documents 
the course to failure (Fig. 12.9).

The force at which the load–displacement 
curve first deviated by 10% from the regression 
line can be used as an indicator for the beginning 
of plastic deformation. In clinical reality implants 

are prone to repeated lower-intensity loads dur-
ing function which can lead to cumulative dam-
age [62]. Considering that “strength” is defined 
as the stress at which failure occurs, the reported 
load-to-failure data are seldom related to the 
stresses resulting in the failure itself [26, 63].

This method is helpful for the initial screening 
and designing of fatigue tests, however, this test 
does not give any information on the resistance of 
an implant-abutment assembly to fatigue loading 
[26, 63, 64].

Fatigue describes the process of weakening of 
a material caused by cyclic loading leading to 
progressive and localized structural damage it is 
characterized by crack initiation, slip band crack 
growth, crack growth on planes of high tensile 
stress, and ultimate ductile failure [65]. Fatigue 
life, as defined by ASTM, is the number of stress 
cycles with a specific character (static, dynamic, 
or cyclic) that the implant-abutment assembly 
will sustain before it fails in a defined manner 
[66, 67]. Engineering fatigue data is usually per-
formed by constructing an S−N curve (S = nor-
malized engineering stress (stress/max(stress) 
and N  =  cycles to failure) which involves the 
cyclic loading of specimens at a high level of 
stress (2/3 of the tensile strength of the material) 

Fig. 12.9 Load to 
failure test is performed 
using a universal testing 
machine (1), the 
specimen (↑) is placed in 
a holding device (★) 
and loaded at 30°. The 
results are displayed as a 
force-displacement 
curve (2) extracted from 
testing four different 
specimens
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then carrying on at lower levels of stress until 
runout. Considering that producing S−N dia-
grams (Wöhler curves) a large number of samples 
is necessary which may be time-consuming, 
therefore alternative methods have been imple-
mented in dental implant research.

To provide failure data and/or degradation 
data in a limited test duration reliability testing, 
reliability estimation, and prediction models are 
commonly used [68]. It also presents approaches 
for the design of test plans for accelerated testing. 
In implant dentistry the step-stress accelerated 
life testing (SSALT) as proposed by Bonfante 
and Coelho might serve as an alternative to the 
time-consuming Wöhler curve [26, 69]. The 
SSALT is a reliability test in which specimens 
are tested at a high stress level successively 
increasing in a predefined time regimen. This test 
method is associated with a complex analysis to 
extrapolate the test data [26, 70].

No consensus exists on the ideal parameters 
for stress amplitude and cycling frequency. A 
variety of contradictory testing scenarios have 
been suggested to mimic the natural masticatory 
cycle over years ranging from one million to five 
million cycles and loads from 50 N to 800 N [26, 
71]. The frequency of load application (Hz) in 
commercially pure titanium implants, has been 
shown to influence the fatigue limit with a higher 
probability of fracture at low frequency (2  Hz) 
within 106  cycles [64]. According to ISO 
14801:2016, the testing frequency should not 
exceed 15 Hz.

ISO 14801:2016 is a standardized dental 
implant testing protocol for certification pur-
poses. It allows testing up to 15 Hz until failure or 
five million cycles in dry conditions, which cir-
cumscribes a wide operational field. Synchrotron 
X-ray evaluation has revealed that testing of stan-
dard diameter implants at 15  Hz at 120  N for 
5 × 106 cycles induces plastic deformation of the 
implant shoulder and wear at the implant- 
abutment interface can already be seen after 
200,000 cycles at 98 N with 2 Hz [62, 72].

12.3  Visualization 
of the Micromechanics 
of the IAC

12.3.1  Micro-Mechanics of Two-Piece 
Dental Implants 
and Synchrotron Radiation

Similar to the experimental techniques outlined 
in the previous section, the use of hard synchro-
tron radiation (SRX) bears enormous potential 
for X-ray imaging [73]. The substantially higher 
photon flux density with respect to laboratory- 
based X-ray sources allows one to achieve excel-
lent signal-to-noise ratios with short exposure 
times and even at high spatial resolution up to the 
micrometer range. When polychromatic radia-
tion is applied for illumination, the exposure 
times can be short enough to progress towards 
the study of dynamic processes: either in two 
dimensions (radiography) or in three dimensions 
by tomographic techniques (cine-tomography). 
Another advantage of synchrotron light is the 
quasi-parallel beam propagation which allows 
for drastically increased sample-source distances 
of up to several 100 m. A long distance between 
the sample and the source with a comparable 
short distance between the sample and detector 
suppresses the influence of the finite source size 
on the image formation. Hence, effects like 
refraction at interfaces (so-called fringes) or 
interference effects (so-called X-ray phase con-
trast) can be exploited as contrast modality with 
drastically increased sensitivity. In the phase con-
trast regime, the grey levels in the images do not 
present anymore the physical density but rather 
are related to the local electron density: orders of 
magnitude more sensitive [74].

Both aspects, i.e. short acquisition times for 
time-resolved studies as well as high sensitivity 
have been exploited to study the micro- 
mechanical behavior of two-piece dental implants 
under static or dynamic load, respectively. For 
two-piece dental implants with a butt-joint con-

K. Nelson et al.



255

nection at the implant-abutment interface, it is 
well-known that microgap formation occurs and 
these gaps can be visualized using laboratory- 
based X-ray sources [72, 75–77]. Understanding 
and predicting these gaps may be important for 
the long-term performance and success of differ-
ent implant designs. Depicting microgaps in two- 
piece dental implants with a conical connection 
is more challenging as the gap is inside a dense 
metal implant body and the size of the gap can be 
as small as a few micrometer down to submi-
crometer and metals such as zirconia or titan are 
highly attenuating objects making the use of 
laboratory- based X-ray sources for quantitative 
analysis impossible [78]. To date, laboratory-
based X-ray sources do not allow the use of 
phase-contrast propagation at the required high 
photon energies to transmit dental implants, 
exploiting contrast formation by free wave prop-
agation between sample and detector. The possi-
bility to partially translate the capabilities of SR 
phase-contrast tomography to the laboratory is 
now emerging by using nearly monochromatic 
X-ray photons which might minimize the draw-
backs created by the typical polychromatic illu-
mination of laboratory X-ray sources especially 

in highly attenuating objects like titanium or zir-
conia implants [79].

The contrast modulation in classical radiogra-
phy by means of density contrast is frequently 
below the detection limit of X-ray imaging. The 
use of the above-mentioned edge enhancement 
or edge contrast is easy to implement at a syn-
chrotron light source as only a finite drift space 
between sample and detector is needed, i.e. also 
perfectly suited for in-vitro studies involving 
sample environments. When combining the 
more sophisticated contrast modes with forward 
simulations, gap sizes can be estimated way 
below the resolution limit of the detector system 
used [80].

Synchrotron radiation allows the visualization 
of microgaps between the abutment and implant 
body which are greater than 0.1 μm (Fig. 12.10). 
It also allows the visualization of the micromove-
ment of the abutment during load application 
involving a chewing simulator specially designed 
for in-situ microtomography applications which 
can be performed at the European Synchrotron 
Radiation Facility (ESRF) in Grenoble, France. 
Furthermore, the availability of a wiggler inser-
tion device gives access to the required high pho-

Fig. 12.10 Synchrotron-based tomography or radiogra-
phy of the implant-abutment connection of dental implants 
embedded in a metal cylinder according to the DIN ISO 
standard 14801:2016. The high resolution of this method 
allows the visualization of the mechanical behavior of the 

implant and abutment under load while allowing a submi-
crometer quantification of the micro-movement of the 
implant and abutment and the gap-formation in the mating 
zone (implant-abutment-interface) between these two 
components
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Fig. 12.11 Three-dimensional visualization of a micro-
gap map at the implant-abutment connection (colored) of 
a loaded dental implant superimposed on the CT scan of 
the dental implant. The IAC map is calculated following 
Zabler et  al. [82] and [76]. F: direction of load 
application

ton flux and hard X-ray energies around 60 keV 
(polychromatic) [76, 81]. An example result for 
the data sets acquired in situ is shown in 
Fig. 12.11.

The results found by the in situ microtomogra-
phy approach under different loads are in accor-
dance with the results from other ex situ studies 
with static load application [72, 82]. Synchrotron 
radiography and tomography not only allow the 
quantification of the microgap in the IAC but also 
the visualization of the micromovement of the 
abutment during loading [60, 62, 76]. Further 
examination of specimens evaluated with syn-
chrotron using SEM and EDX revealed that the 
micromovement of the abutment during loading 
induces extensive wear and wear debris at the 
implant-abutment-interface [62]. The following 
section will elucidate the impact of the existence 
of wear particles and their analysis in vivo.

12.3.2  Metal and Ceramic Ions 
and Particles in Peri-Implant 
Tissue

Numerous orthopedic studies of the last decades 
demonstrated that arthroplasties especially of the 
hip and knee can be affected by so-called aseptic 
loosening. Local peri-prosthetic osteolysis is 
triggered by wear debris derived from metal, 
ceramic, or polyethylene joint replacement 

 material which is released by mechanical loading 
of hip and knee prostheses. Nanometer- to 
micrometer- sized particles with different chemi-
cal compositions have been detected in the tissue 
around orthopedic implants [83]. It is assumed 
that the particle composition and the configura-
tion, such as size and shape are influencing 
parameters of the local immune response [83]. 
Lymphocyte- and macrophage-directed immune 
responses are assumed and it is known that a cas-
cade of proinflammatory cytokines and media-
tors are involved in peri-implant bone lysis 
[84–86]. In dental Implantology, little evidence is 
available concerning particles and ions in the 
vicinity of implant material and their potential 
influence on peri-implant bone loss [87, 88]. 
However, titanium, ceramic ion, and particles 
were detected in inflamed peri-implant tissue. 
The local density was calculated to be as high as 
~40 million particles/mm3 in recent research 
[89]. Several plausible causes for ion and particle 
release into peri-implant tissue are discussed in 
the literature: wear debris from the implant- 
abutment connection, mechanical stripping from 
the implant surface during the implant place-
ment, biocorrosion, particle release from dental 
restorations, or manipulations during implant 
surface treatment [90, 91]. Several techniques 
have been proposed for the detection of chemical 
elements in human tissue around dental implants 
[87, 89].

12.3.3  Techniques for Chemical 
Element Detection in Human 
Tissue Around Dental 
Implants

Initially, light microscopy was used for the histo-
logic evaluation of peri-implant tissue [92]. 
Although tissue and cellular mapping is easily 
applicable and accessible with light microscopy, 
its resolution is limited to about 1 μm, and dis-
crimination of element composition is not possi-
ble. If microscopy is combined with 
Energy-dispersive X-ray Spectroscopy (EDX) 
the elemental composition can be determined 
with limitations (Table  12.4). EDX allows the 
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Table 12.4 Techniques for the detection of chemical elements in human biopsies or implant materials (modified 
according to [27])

Spatially resolved 
detection in tissue

Spatially 
resolved 
detection in cell

Identification of 
chemical elements

Chemical 
structure of the 
element

Destruction of 
tissue/specimen

Optical 
microscopy

+ + − − −

ICP-MS − − + − +
Laser ablation 
ICP-MS

+ − + − +

ICP-OES − − + − +

μ-XRF with 
XAS

+ − + + +/−

TEM − + + + +
SEM/EDX − + + − +

identification of elements; however, no conclu-
sions can be drawn concerning the chemical 
structure of the elements. Further, EDX is com-
monly coupled with SEM and can reach a spatial 
resolution of a few nm. However, the penetration 
depth of electrons is only about 1 μm [93].

μ-XRF synchrotron micro X-ray fluorescence, 
μ-XAS synchrotron absorption spectroscopy, 
ICP-MS inductively coupled plasma mass spec-
trometry, ICP-OES inductively coupled plasma 
optical emission spectrometry, TEM transmission 
electron microscopy, SEM/EDX scanning elec-
tron microscopy with energy-dispersive X-ray 
spectroscopy.

A further established technique with high sen-
sitivity and high spatial resolution is laser abla-
tion inductively coupled plasma mass 
spectrometry (LA-ICP-MS). LA-ICP-MS 
enables quantitative information about the ele-
mental composition of metals and several non- 
metals at sub-ppm concentrations [94]. The 
spatial resolution ranges from about 10–200 μm 
and is thus well suited for mapping metals in bio-
logical tissues [95].

Briefly described, a flat sample surface is 
exposed to a Laser beam. The Laser beam ablates 
the sample and the released particles are subse-
quently transported to the ICP-MS system by a 
carrier gas. The ablated particles are ionized with 
inductively coupled plasma. Subsequently, those 
ions are separated and quantified using a mass 
spectrometer. Single-particle ICP-MS is a power-
ful tool to assess nanoparticle size distribution in 

an element-specific manner in biological tissues 
and materials [96, 97]. Recently, single particles 
(SP) ICP-MS coupled to Laser ablation was 
applied to gold nanoparticle investigation in 
mouse liver [98]. Thus SP-LA-ICP-MS enables 
2D assessment of nanoparticle composition and 
size distribution in biological tissues.

Synchrotron micro and nano-X-ray fluores-
cence (μXRF/nanoXRF) is so far seen as the 
golden standard since XRF is characterized by 
high spatial resolution in combination with high 
elemental sensitivity and the possibility for 
chemical speciation by X-ray absorption spec-
troscopy using one single instrument [99]. In 
X-ray fluorescence spectroscopy atoms are 
excited by an X-ray beam and subsequently emit 
element characteristic radiation. This radiation is 
called X-ray fluorescence. The energy of the 
emitted radiation depends on the binding energy 
of the electrons involved in the electronic transi-
tions. The intensity of the emitted radiation 
mainly depends on the amount of the respective 
atoms in the probing volume, the matrix compo-
sition, the energy of the exiting radiation, and the 
binding energy of the electrons involved in the 
electronic transitions.

Because of the extremely high flux of X-rays 
generated by Synchrotron sources the exciting 
beam can be focused to very small spot sizes of 
only tens of nm and a very narrow energy band 
can be selected. Scanning the X-ray energy of the 
exciting radiation around absorption edges of 
atoms of interest in the probing volume and col-
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Fig. 12.12 Left figure. Ceramic Sample. (a): Histological 
image of a section of sample WGAM 6 (anti-CD68,1:200 
(macrophage, clone PG-M1, DakoCytomation A/S, 
Glostrup, Denmark); counterstaining with hematoxylin). 
μXRF maps are shown in (c) at 4 μm step size. The aver-
age spectrum of Zr-rich regions of map (c) is shown in (d) 
including its de-convolution. Subsequently, nano XRF 
analysis was performed on the same section at 60 nm step 
size. (b) is a fast overview scan to identify regions of 
interest. An inset within (b) of Zr, Zn, Fe, Hf, Y, Sr, and Cr 
fluorescence intensities is shown in (f–i). In (i), it can be 
seen that Zr, Hf, Y, and Sr are co-localized. Their spectrum 
and relative mass fractions are shown in (e). (h) shows the 
presence of a few Fe-Cr particles, probably stainless steel 
with a mass-fraction ratio of Cr to Fe of 0.5. Right figure. 
Titanium Sample. (a) Histological image of a section of 

sample WGAM 14 (anti-CD68,1:200 (macrophage, clone 
PG-M1, DakoCytomation A/S, Glostrup, Denmark); 
counterstaining with hematoxylin). μXRF maps are 
shown in (b) and (c) at 10 and 4 μm step width, respec-
tively. The average spectrum of Ti-rich regions of map (c) 
is shown in (d). Subsequently, nanoXRF analysis was per-
formed on the same section at 60 nm step size. Ti, Fe, and 
Zn fluorescence intensities are shown in the overlay (e) 
after spectral de-convolution. The distribution of Ti is 
shown in (f). The spectra collected from Ti hotspots and 
the remaining regions are shown in (g) in black and blue, 
respectively. The mass fractions of Zn hotspots compared 
to Ti hotspots are 10,000 times smaller; those of Fe are 
100 times smaller. (Figure from [89] with kind permission 
of ACS Publications)

lecting the emitted X-ray fluorescence as a func-
tion of exciting energy allows for assessing the 
chemical speciation of elements. This technique 
is called X-ray absorption near-edge structure 
spectroscopy. Thus, Synchrotron X-ray spectros-
copy is a unique tool to assess elemental compo-
sition, chemical speciation, and the sizes of 
nanoparticles (NP) in complex matrixes, e.g., 
human tissues [89, 100, 101].

The synchrotron XAS technique X-ray 
absorption near edge structure (XANES) in com-
bination with focusing optics is utilized to deter-
mine the chemical speciation of specific elements 
of interest at the same resolution. The main crys-
talline phases of TiO2 nanoparticles (e.g., rutile 
and anatase) are the focus of current research. In 
peri-implant tissue, titanium and zirconia ceramic 

particles in local densities of several ten million 
per mm3 can be detected via XANES. Titanium 
particles consist mainly of metallic and titanium 
dioxide (TiO2) [89]. Figure 12.12 shows data col-
lected from human peri-implant tissue. The spec-
tra are de-convoluted and the different 
element-specific X-ray fluorescence emissions 
are shown. These data illustrate the use of 
Synchrotron micro- and nanoXRF analysis as 
well as XANES to assess implant-related particle 
release in human tissues. The influence of parti-
cle characteristics in peri-implant disease dynam-
ics is a field of future research.

All of the methods and parameters mentioned 
within this chapter help investigate and under-
stand existing and new implant materials and 
designs and the biomechanics of dental implants.
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13Mechanics of the Prosthetic 
Rehabilitation

Lei Zhang, Yongsheng Zhou, and Qian Ding

13.1  Part I: Relevant Factors 
of Mechanics 
of the Prosthetic 
Rehabilitation

13.1.1  Passive Fit and Misfit

Passive fit is defined as the simultaneous and 
even contact of all the fitting surfaces, without 
the development of strains prior to functional 
loading [1, 2]. Better-fitting implant frameworks 
are associated with lower stresses within the 
framework, implants, abutments, and retaining 
screws [3]. Because of inevitable clinical and 
laboratory errors, misfits could exist at the inter-
face between implants and prosthetic compo-

nents, leading to a lack of passive fit (Fig. 13.1). 
Compromised fit is thought to introduce uncon-
trolled stress into the bone-implant-framework 
complex, thus leading to biological and technical 
complications.

For instance, this stress may impact the stabil-
ity of screw joints, risking long-term screw loos-
ening [4]. In normal situations, when the retaining 
screw is tightened, the preload subjects the screw 
threads to tension. The elastic recovery of the 
screw creates a clamping force, which keeps the 
prosthesis and the abutment or implant in con-
tact. In misfit situations, part of the preload is 
used to approximate the surfaces between the 
prosthesis and the abutment or implant. Further, 
the screws will be subjected to abnormal elonga-
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tion (in the case of a vertical misfit) or binding 
and bending (in the case of a horizontal and 
angular misfit). The pre-stressed screw situation 
will be exacerbated further by functional loading, 
rendering the screws more susceptible to fatigue 
fracture, thread wear, plastic deformation, or 
loosening [3]. A misfit between restoration and 
the supporting implant is likely to cause com-
pressive as well as tensile stress within the 
implant components and/or the frameworks. For 
metal-ceramic prostheses, areas, where tensile 
stress is concentrated, are potential crack- 
initiation sites and are prone to fracture, as 
ceramics are ill-equipped to tolerate tensile 
forces. Therefore, a misfit between a restoration 
and the supporting implant may increase the risk 
of cracking and/or chipping of the veneering por-
celain [5]. A recent systematic review [6] con-
cluded that the misfit was found related to the 
induced strain/stress in  vitro studies, while the 
in vivo studies indicated the correlation between 
the misfit and the clinical consequences, includ-
ing marginal bone loss, screw-related adverse 
events, and implant/prostheses failure, was weak.

Studies have shown that absolute passive fit is 
not clinically possible to achieve [7]. When 
attempting to fabricate a prosthesis with zero tol-
erance for error, too many variables are out of the 
dentist’s control, including impression materials 
shrinkage, dental stone expansion, wax patterns 
distortion, investment material expansion, and 
dimensional changes during metalwork fabrica-
tion. But there is a biological and mechanical tol-
erance to implant framework misfit, while the 
degree of tolerable misfit remains a matter of 
debate [8]. Therefore, the goal will be to achieve 
the least misfit possible, and a clinically accept-
able fit which reduces the possibility for mechan-
ical complications. This can be achieved by 
following meticulous steps in the prosthetic pro-
cedures, including precise impression technique, 
creation of a verification cast, accurate manufac-
ture of a framework using conventional or CAD/
CAM technologies, and strict quality control of 
the restoration at the laboratory stage prior to 
intraoral try-in.

13.1.2  Fabrication Techniques 
and Fit

Implant abutments can be either prefabricated or 
custom, the latter including cast custom and 
CAD/CAM custom abutments. According to the 
fabrication technique, implant frameworks are of 
four types: (1) conventional cast frameworks, (2) 
frameworks made from carbon/graphite fiber- 
reinforced polymethylmethacrylate, (3) laser- 
welded titanium frameworks, and most recently, 
(4) CAD/CAM milled frameworks. Inaccuracies 
in the multiple fabrication steps can introduce 
distortions of prosthetic frameworks that com-
promise the implant-abutment interface fitting 
[9]. In order to enhance the fit of implant frame-
works, the addition of a fit refinement step has 
been proposed, including sectioning and solder-
ing/laser welding, and bonding of the framework 
body to prefabricated abutments.

The manufacturing technique is also a vari-
able that influences the presence of a microgap, 
probably because of the different surface rough-
ness produced by each manufacturing method. A 
rough contact surface inevitably produces a 
microgap between the implant and abutment and 
hinders the achievement of a passive fit [10]. 
Milled surfaces have been reported to show a bet-
ter fit and a larger number of contacts with the 
implant mating surface than cast and sintered sur-
faces, which allows a better closure of the micro-
gap between implant components [11, 12].

CAD/CAM is capable of producing implant 
frameworks with a precision of fit. Titanium and 
zirconia implant frameworks can be fabricated 
with a high level of accuracy with the aid of 
CAD/CAM [13]. They are not susceptible to dis-
tortion or casting porosity and have improved 
marginal fit when compared to cast gold frame-
works [14]. Screw-retained zirconia implant- 
supported complete-arch CAD/CAM frameworks 
for fixed dental prostheses was recently reported 
to have a fit well within the range of 30 μm in the 
horizontal plane and 10 μm in the vertical plane, 
which was thought to be clinically acceptable 
[15]. Digital restorations had a better fit on the 
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control cast, and angulation of more than 10° 
between the implants could negatively affect the 
passive fit of the digitally fabricated restorations 
intraorally [16]. However, the accuracy of a 
CAD/CAM framework is still dependent on the 
accuracy of the cast model, the scanning tech-
nique, and the computer-based designing capa-
bilities of the dental technician.

13.1.3  Material of the Prosthesis

Stress in either fixed or removable prostheses dif-
fers according to materials, implant distribution, 
and restoration design. The distribution of forces 
to the implants may differ on the basis of the 
material, but the total force on the combined 
implant-supporting system is the same [17]. 
Materials do, however, behave differently rela-
tive to the dissipation of impact forces. Stiffer 
materials, such as ceramics, will transmit forces 
to the implants more rapidly, while more resilient 
materials, such as acrylic resins, transmit forces 
more slowly, which is sometimes described as a 
dampening of the forces [18]. Besides, stiffer 
frameworks are expected to distort to a lesser 
extent than less rigid frameworks, then the 
stresses within the frameworks will be different. 
This was confirmed by an FEA study [19] that 
illustrated that, at a similar level of misfit, stiffer 
framework materials experienced significantly 
greater stress than more flexible materials. But 
when the accurate fit is assumed, other studies 
found that stiffer framework materials led to a 
more even distribution of stress [20].

Crowns with a zirconia core show more frac-
ture of the veneering porcelain than metal ceramic 
crowns [21]. To prevent this, monolithic restora-
tions made entirely of zirconia are used. 
Monolithic zirconia prostheses are demonstrated 
to have the highest fracture load, flexural strength, 
and elastic modulus compared with lithium dis-
ilicate, conventional veneered ceramic prosthe-
ses, and composite resin prostheses [22]. For 
fixed complete implant prostheses, zirconia fixed 
implant prostheses presented higher initial costs 

than metal-acrylic hybrids, however, with satis-
factory outcomes, reduction of overall complica-
tions, and superior survival rates at 8.7  years’ 
mean follow-up [23]. In contrast to ceramics, 
resin-based restorative materials are more elastic 
and appear to compensate for the absence of the 
damping effect of the periodontal ligament in 
implant-supported prostheses. And resin-based 
restorative materials can be modified easily on 
the chair-side. Therefore, composite resins have 
been widely and successfully used as a provi-
sional restorative material in implant prostheses. 
When using resin-based restorative materials, the 
use of metal or fiber reinforcement is advisable, 
only except for single crowns, in order to avoid 
frequent base fracture because of the reduced 
strength of resin.

13.1.4  Prosthetic Plan

Implant treatment is prosthetic-driven. Therefore, 
preliminary prosthetic planning is essential in 
order to prescribe an appropriate implant posi-
tion. The use of a surgical guide is recommended 
for implant placement, whenever possible. The 
proper number, length, and diameter of implants 
should be selected based on the prosthetic plan, 
according to individual local conditions and 
patient’s needs. The number, length, diameter, 
and positioning of implants can have an influence 
on functional force transfer and subsequent stress 
distribution around implants. The increase in the 
number, length, and diameter of implants 
improves the biomechanical behavior of implants, 
especially when subjected to bending forces.

It is a consensus [24] that short implants 
(≤6  mm) are a valid option in situations of 
reduced bone height; however, they reveal a 
higher variability and lower predictability in sur-
vival rates. Time in function may reduce the sur-
vival rate of short implants more than that of 
longer implants. And the presence of a single 
crown was associated with an increasing rate of 
short implant loss [25]. Reducing implant diam-
eter brings an increased risk of the implant or 
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component fracture. Therefore caution is recom-
mended for the use of narrow-diameter 
(≤3.5  mm) implants in patients with parafunc-
tional habits and malocclusions [24]. Ti-Zr alloy 
has higher tensile strength than commercially 
pure titanium. Narrow-diameter Ti-Zr dental 
implants show survival and success rates compa-
rable to regular diameter titanium implants in the 
short term, in both anterior and posterior areas 
[26]. Long-term clinical outcomes are needed to 
confirm. The proper number of implants to use 
must be determined according to the number of 
teeth to be replaced, available space for the pros-
thesis, local bone condition, and patient-related 
factors. Combining the restorative needs with the 
surgical options will allow the best prosthodontic 
plan to develop. Since 10-year survival rates of a 
fixed prosthesis supported by four or six implants 
[27] or three wide-diameter implants are quite 
high [28], the number of implant support may not 
have a remarkable effect on treatment outcome. 
But a minimum number of 4 appropriately dis-
tributed implants are recommended to support a 
one-piece full-arch fixed prosthesis [29]. And 
additional implants can provide options for fixed 
full-arch segmented prostheses.

Torques or bending moments imposed on 
implants because of excessively long cantilever 
bridge may result in interface break-down, bone 
resorption, prosthetic screw loosening, or bridge 
fracture [30, 31]. For posterior implant fixed par-
tial dentures (FDPs) and implant single crowns, 
the maximum horizontal cantilever (the distance 
the crown or prosthesis extends laterally to the 
implant) should not exceed the diameter of the 
implant. For anterior FDPs, the maximum hori-
zontal cantilever should not exceed twice the 
implant diameter [32]. For implant-supported 
fixed full-arch prosthesis, many influences 
including anterior-posterior (AP) spread, cantile-
ver size, number and distribution of placed 
implants, prosthetic materials, and framework 
design, need to be considered when determining 
the cantilever length [33]. To avoid overloading, 
the length of the cantilever bridge is recom-
mended to be less than 15 mm in the mandible 
and 10–12 mm in the maxilla [31].

13.1.5  Retention: Screw-Retained 
and Cement-Retained 
Prostheses

Implant-supported prostheses can be screw- 
retained, cement-retained, or a combination of 
both, where a metal or ceramic framework is 
screwed to the implants, and crowns are individu-
ally cemented to it. Different types of retention 
mechanisms also may influence the outcomes as 
the mechanical stability of prostheses relies on 
the structure and precision of implant-abutment 
interfaces. Both cementation and screw retention 
seem to have their benefits and shortcomings in 
their clinical application. Clinical criteria such as 
prosthesis retrievability and maintenance, esthet-
ics, occlusion, the position of the implant, inter-
arch occlusal space, and ease of fabrication may 
influence the retention mechanism decision of 
fixed implant prostheses.

13.1.5.1  Screw-Retained Implant 
Prostheses

Retrievability is one of the major advantages of 
screw-retained implant prostheses because it pro-
vides clinicians with the accessibility to retriev-
ing these restorations if needed for repairs, 
remakes, hygiene, and abutment-screw tighten-
ing. Retrievability becomes more important in a 
complex case or involves more implants. In addi-
tion, because there is no cement interface required 
to retain a crown, a screw-retained crown can be 
used when interarch occlusal space is limited. 
Furthermore, when the reconstruction exhibits a 
good fit, biological problems are rather unlikely 
to occur [34].

The horizontal and angular positioning of the 
implant, however, is more delicate than cement- 
retained prostheses when using screw-retained 
prostheses, because non-ideal implant angulation 
may affect the final esthetic result if the screw 
access opening is visible. If implants are improp-
erly positioned, screw-access holes may compro-
mise aesthetics and occlusion because of the 
wear of restorative materials used to cover the 
screw-access channel. On the other hand, 
mechanical complications like loosening of 
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retaining screws or fracture of the veneering 
ceramic at the screw-access channel have been 
reported [35].

13.1.5.2  Cement-Retained Implant 
Prostheses

Cement-retained implant prostheses clinically 
and technically resemble the procedures used for 
tooth-borne prostheses. These restorations may 
be simpler to fabricate, and provide easier inser-
tion in posterior areas of the mouth for patients 
with limited jaw openings. A cement-retained 
implant prosthesis and the implant body may be 
loaded axially, thus decreasing crestal bone strain 
[36]. In contrast, the axial occlusal load on a 
screw-retained prosthesis must load the occlusal 
screw region, which is usually representing 30% 
or more of the total occlusal surface of posterior 
teeth. For an implant-supported fixed prosthesis, 
the potential for achieving a passive fit is higher 
with cement-retained restorations, because the 
cement space may compensate for a lack of pas-
sive fit and serve as a shock absorber [37, 38].

The main drawbacks of cement-retained res-
torations are the difficult retrievability of excess 
cement, especially when the restoration margins 
are placed subgingivally or the implants are 
deeply placed. Diligence in cement removal at 
the time of cementation is critical. The presence 
of cement residue was proven to cause peri- 
implant inflammation associated with swelling, 
soreness, deeper probing depths, bleeding, and/or 
exudation on probing, with radiographic evi-
dence of marginal bone loss, and may eventually 
result in implant loss [39]. Excess cement was 
associated with signs of peri-implant disease in 
81% of cases investigated [40]. It is demonstrated 
that when the restorative margins of the abut-
ments are placed 1.5–3  mm subgingival, the 
excess cement leaving is almost inevitable [41]. 
Use of screw-retained restorations or custom 
abutments for cement restorations with higher 
margins may be used to avoid cement-related 
complications in situations where implants are 
deeply placed (Fig. 13.2).

Besides, the minimum abutment height for 
the use of cement-retained restorations with 

predictable retention was documented as 5 mm 
[41]. Therefore, screw-retain restorations may 
be advisable in these instances when the inter-
occlusal space is less than 4 mm. Another sig-
nificant shortcoming of the cemented 
restorations is that, in case of problems, they are 
difficult or impossible to remove without 
destruction, for example, in cases of technical 
complications.

13.1.5.3  Retention Control
Several systematic reviews [42, 43] reported that 
cemented restorations exhibited less technical, 
but more biological problems like implant fail-
ures or marginal bone loss than screw-retained 
restorations. The screw-retained restorations, in 
contrast, exhibited more technical problems and 
higher rates for restoration loss, but fewer implant 
failures and less serious biological complica-
tions. Consensus statements from the third con-
sensus conference of the European Association 
for Osseointegration concluded that both types of 
restorations influenced the clinical outcomes, but 
none of the fixation methods was clearly advanta-
geous [44]. Cemented and screw-retained single- 
unit restorations had similar survival and 
complication rates for their supporting implants 
[45], whereas cemented multiunit restorations 
had lower survival rates than the screw-retained 
multiunit restorations for their supporting 
implants [46].

At single crowns, both types of retention 
mechanisms can be recommended. In the case of 

Fig. 13.2 A zirconia customized abutment to obtain a 
higher margin for cement restoration
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cementation of the restorations, proper removal 
of cement excess is crucial to prevent biological 
complications. The radiographic examination 
could be a supplementary method for the detec-
tion of excess cement. Screw-retained restora-
tions seem to be preferable from a biological 
perspective. In recent years, a hybrid cement- and 
screw-retained crown on implants has been used 
commonly. The concept is that a completely fin-
ished restoration is cemented to a titanium base 
on the cast and then screw-retained intraorally 
(Fig.  13.3), which combines the features and 
advantages of both cemented and screw-retained 
restorations.

Clinicians should weigh the advantages and 
disadvantages of cement-retained and screw- 
retained types of restorations, so as to select the 
most appropriate for a given clinical situation. 
Based on previous systematic review [47] and a 
consensus review paper [48], screw retention 
may be recommended

• in the presence of minimal interarch space 
(4 mm)

• for FDPs with a cantilever design
• for long-span FDPs, as the complications of 

these restorations are more frequent [49]
• to avoid an additional risk factor with the use 

of cement and a possible cement remnant
• for provisional prostheses to enable shaping of 

the emergence and mucosal profile in the 
esthetic zone

• when retrievability is desired.

Cement retention may be recommended

• for short-span prostheses with margins at or 
above the mucosa level

• to compensate for improper implant angle that 
cannot be corrected to conceal the access hole

• for cases where an easier control of occlusion 
without an access hole is desired, for example, 
with narrow-diameter crowns.

a

c

b

Fig. 13.3 Hybrid cement- and screw-retained implant-supported single crown. (a) The crown is cemented to a titanium 
base on the cast; (b) Remove the excess cement; (c) Screw-retained intraorally
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13.1.6  Occlusal Loading of Implant 
Prosthesis

13.1.6.1  Occlusal Overloading 
Factors

When placed in function, dental implants are 
subjected to occlusal loads, which may vary dra-
matically in magnitude, frequency, and duration, 
depending on the patient’s parafunctional activi-
ties and diet habits. As a result of the absence of 
the periodontal ligament and limited tactile sen-
sitivity, osseointegrated implants react biome-
chanically to occlusal force in a manner distinct 
from natural teeth. All the structures subject to 
occlusal forces can be exposed to physiological 
 loading or overloading. In the case of physiolog-
ical loading, forces could be dissipated through 
the occlusal surfaces, prosthetic structure, 
implant- abutment connection, retention screw, 
implant body, implant-bone interface, and peri-
implant supporting bone. While overloading 
might affect the weakest part of the system, pro-
ducing implant osseointegration failure and 
mechanical complications such as screw loosen-
ing and fracture, prosthesis fracture, and implant 
fracture, eventually compromising implant lon-
gevity [50, 51].

Various factors and situations that can give 
rise to occlusal overloading have been reported 
[51], including:

 1. Overextended cantilever
 2. Parafunctional habits/Heavy bite force
 3. Excessive premature contacts and 

interferences
 4. Large occlusal table
 5. Steep cusp inclination
 6. Poor bone density/quality
 7. Inadequate number of implants
 8. Excessive crown-to-implant length ratio
 9. Unfavorable direction of axial forces

Proper design of the prosthesis is the key fac-
tor of proper occlusion, which must include con-
sideration of the magnitude of the occlusal force 
and its delivery. The duration of a high- magnitude 
force may affect the ultimate outcome of an 
implant system. Relatively low-magnitude forces 

applied repetitively over a long time, may result 
in fatigue failure of an implant or prosthesis. 
Stress concentrations and, ultimately, failure may 
develop if insufficient cross-sectional area is 
present to dissipate high-magnitude forces ade-
quately. Insufficient osseointegration, narrow- 
diameter implant, inadequate thickness or misfit 
in implant-abutment connection, framework, and 
veneering material with poor design or manufac-
turing deficiency, may become the weakest part 
of the system when loaded with high-magnitude 
forces and ultimately lead to biological or 
mechanical complications.

13.1.6.2  Control and Maintenance 
of Implant Occlusion

The control and maintenance of implant occlu-
sion may reduce mechanical and biological 
complications, thus increasing the longevity of 
prostheses [52]. Occlusal forces, like all forces, 
can be described and controlled in four ways: 
magnitude, duration, distribution, and direc-
tion [53].

Several researchers have proposed that the 
occlusion of FDPs should be designed to reduce 
their exposure to occlusal forces and evenly dis-
tribute loads between implants and adjacent teeth 
during forceful biting [54, 55]. To minimize 
excessive force, light contact during forceful bit-
ing and no contact in the maximum intercuspal 
position is considered a reasonable approach. 
The occlusal schemes of implant prostheses can 
result in a quantifiable time delay such that the 
natural teeth occlude in advance of the implant 
prostheses by fractions of seconds [56]. But the 
Kennedy Class I case should be an exception. In 
this case, contacts should be established on the 
implant in low- and medium-intensity occlusion 
at the maximum intercuspal position, and the 
incisors should be left without contact or with 
only slight contact.

In considering the direction of the occlusal 
forces, it is recommended to reduce shear forces 
and aim for compressive forces. In doing so, 
occlusion should create axial forces, rather than 
lateral or horizontal forces. Bone is stronger 
under compressive forces than shear forces [57]. 
Nonaxial loading causes higher stress and ten-
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sion around the crestal bone. Rangert et al. [58] 
found that a deviation of 15° in a buccolingual 
direction contributed to occlusal overloading. A 
reduced cuspal inclination can protect the tooth 
from shear forces while decreasing force magni-
tude [59]. A narrow occlusal table can ensure that 
forces will be directed axially, prevent cantilever 
effects and bending moments, and reduce the 
magnitude of forces [60].

However, previous studies [61, 62] have 
reported that the occlusion of implant prostheses 
would not remain light with use. Natural denti-
tion may exhibit continued tooth eruption and 
movement due to occlusal abrasion, periodontal 
disease, temporomandibular diseases, or orth-
odontic treatment, which all can cause changes in 
occlusion force distribution and occlusal con-
tacts. While implants maintain their position inte-
grating with bone under the change of natural 
teeth. Therefore, the occlusion of implant- 
supported fixed partial prostheses could change 
over time. Current scientific evidence as to occlu-
sion variation of implant-supported prostheses is 
relatively rare, and most of them are cross- section 
studies or prospective studies with a short-term 
follow-up [61–63]. Our research group has pub-
lished a 3-year prospective study to analyze the 
longitudinal variation of occlusion in posterior 
implant-supported single crowns using the com-
puterized occlusal analysis system and found the 
initial light occlusion of implant-supported single 
crown changes over time, which is mainly 
reflected in the increasing relative occlusal force 
and occlusal contact time [61] (Fig. 13.4).

Continuous eruption of the opposing teeth and 
the occlusal wear of the remaining natural teeth 
were considered to play an important role in the 
increase of relative occlusal force and earlier 
occlusal contact of implant prostheses. The posi-
tions of natural teeth in dental arches are con-
stantly changing as a consequence of continued 
slow tooth eruption and mesial tooth movement 
of about 0.1–0.2 mm annually [64, 65]. Because 
of the light occlusion after the implant-supported 
prostheses delivery, the implant-opposing natural 
dentition may be liable to erupt [62]. Occlusal 
wear of the natural teeth may facilitate these 
changes to some extent, especially before occlu-

sal contacts were established in implant prosthe-
ses. A clinical study reported that the occlusal 
wear of natural enamel opposing natural enamel 
was 17.3 ± 1.88 μm in the premolar region and 
35.1 ± 2.6 μm in the molar region after a year of 
function [66]. Although passive eruption could 
compensate for the occlusal wear of natural teeth 
to some extent, there was inconsistency between 
the rate of wear and continuous eruption, which 
had significant individual differences.

This demonstrates that, even after achieving a 
light contact occlusion, reducing the diameter of 
implant prostheses, and modifying the occlusal 
table, the occlusion of implant-supported fixed 
prostheses may not remain light indefinitely. The 
increase in occlusal force indicated that a higher 
percentage of occlusal force was attributed to the 
implant prosthesis, which means that the over-
loading risk of the implant prosthesis could 
increase. The occlusion of implant prostheses 
should be carefully monitored during follow-up 
examinations, and occlusal adjustment should be 
considered when potential overloading occurs, or 
if premature or interferences develop.

13.1.7  Patient-Related Variables

Patients exhibit different levels of occlusal and 
parafunctional forces. In some patients, the forces 
will exceed the strength of prosthetic materials 
and will cause screw loosening, fractures, and 
other mechanical complications [67]. Patients 
with poor osteointegration, uncontrolled peri-
odontal disease, heavy occlusal wear in natural 
teeth, parafunctional habits, and special dietary 

Fig. 13.4 Line graph of the 3-year longitudinal variation 
of occlusion in posterior implant-supported single crowns 
and control natural teeth
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habits may have a high risk of overloading and 
complications in implant-supported prostheses. 
Therefore, it may be more appropriate for patients 
in these categories to consider a greater number 
of implants to share in the functional load and to 
consider implants of larger diameter, thereby 
making the implant more resistant to the forces 
that could cause implant fracture and other 
mechanical problems [1]. It is important to diag-
nose patients with parafunctional habits ahead of 
time and prescribe occlusal splints for night or 
day use as needed [68]. Patients with high risk 
need to be under routine periodic dental 
 examinations and maintenance to address com-
plications in time.

13.2  Part II: Mechanical 
Complications

Mechanical complications occur when the capac-
ity of the prosthesis to withstand applied forces is 
exceeded. The precise complication will depend 
upon the magnitude and the direction of the 
applied force. Commonly reported mechanical 
complications associated with implant-supported 
fixed prostheses include implant fracture, pros-
thesis or framework fracture, screw loosening, 
screw fracture, fracture of the veneering material, 
and loss of retention. Primary complications that 

have difficulty in prevention and treatment, and 
have close relations with the mechanics of 
implant prosthetic rehabilitation are introduced 
below in detail.

13.2.1  Implant Fractures

Implant fracture (Fig.  13.5) is the most serious 
but rare mechanical complication that can occur 
after implant restoration, which usually mani-
fests as implant loosening, peri-implant inflam-
mation, and showing implant fracture and bone 
absorption around the crack on the radiograph. 
Implant fractures have occurred as a result of 
heavy occlusal loading, improper surgical place-
ment of implants, improper implant design and 
manufacture, and lack of passive fit in restora-
tions. Owing to metal fatigue, the longer the 
implant functions, the higher the fracture rate of 
the implant will be. When excessive force is used 
to insert an implant as a self-tapping device into 
dense bone, the implant or the components used 
to place the implant can also fracture.

13.2.1.1  Prevention
During surgical planning and placement, the 
bone density should be carefully assessed to 
determine whether bone tapping is needed or a 
self-tapping protocol can be followed.

Fig. 13.5 Implant fracture after loading for only 1 year because of heavy occlusal loading
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During prosthodontic planning, implant frac-
ture is best avoided by the following means [1]: 
(1) limiting the extent and occlusal force of can-
tilevers; (2) using an adequate number of 
implants; (3) creating a staggered alignment of 
the implants for an FDP (not placing them in a 
straight line); (4) creating an appropriate sym-
metric curved arrangement of the implants for an 
implant fixed complete denture; (5) ensuring the 
passive fit of prostheses; (6) using wider diameter 
(≥4 mm) implants for the replacement of single 
molars, especially when the patient has high risk 
of overloading; (7) controlling occlusal loading; 
and (8) splinted superstructure has a lower risk of 
implant fracture [69].

13.2.1.2  Treatment
When an implant fractures, it should be removed 
if the reservation of the remaining part would 
affect the prosthetic effect or if the reservation 
was not accepted by the patient. There are tre-
phine drills fitting over the implant available that 
can be used to remove the implant. The trephine 
drill removes a bony core that includes the frac-
tured implant. Other methods of implant removal 
include the use of a thin drill or piezoelectric sur-
gical tip to cut a channel around the implant so it 
can be removed using reverse torque. After the 
implant has been removed, a graft material and 
membrane barrier can be used to fill in the defect. 
The clinician can also choose to allow new bone 
formation eventually to fill the area without a 
graft being used. Following healing, another 
implant can be placed. It may also be possible 
immediately to place an implant with a larger 
diameter than the one removed.

When an implant fractures, if there is no sig-
nificant effect on the current prosthesis, the clini-
cian can remove the loose fragment, trim the part 
above the bone, make the necessary debridement, 
and submerge the remaining part with surround-
ing bone into the mucosa, making the fractured 
implant “sleep”. If the remaining part of the frac-
tured implant has proper location, diameter, 
length, and no serious peri-implant inflammation, 
there is an alternative method to consider, which 
is trimming the fracture surface and forming 
internal thread when necessary using special 

tools, then connecting the abutment, fabricating a 
new restoration.

13.2.2  Screw Loosening 
and Fractures

From the perspective of structure and mechanics, 
the screw is one of the weakest structures in the 
whole implant-prosthesis system. Screw loosen-
ing and/or fracture could result in slight or obvi-
ous mobility of the prosthesis, often accompanied 
by inflammation of peri-implant mucosa 
(Fig.  13.6). Screw loosening happens when 
micro-movement occurs in the interface of con-
nection, which leads to the destruction of pre-
load. Screw loosening and/or fractures can occur 
with inappropriate implant designs, a lack of 
specified torque during screw tightening, poorly 
fitting prostheses, and long crowns or abutments. 
Occlusal overloads and cantilevers also contrib-
ute to screw loosening and fracture.

13.2.2.1  Prevention
Preventing screw loosening and fractures is best 
accomplished by ensuring screws are tightened 
using either a hand or electronic torque device 
and making sure prostheses fit properly. Some 
implant systems suggest retightening of bridge 
screws a few weeks after the initial delivery of 
the prosthesis. A recent in-vitro study [70] found 
that the reverse tightening was higher when the 

Fig. 13.6 Screw loosening accompanied by inflamma-
tion of peri-implant mucosa
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screws were tightened, counter-tightened, and 
then tightened again, compared with that of 
tightening the abutment screw 2 times with a 
10-min interval time, no interval time, or tight-
ening it one time only. Research and manufac-
turing enhancements have resulted in surface 
coating and screw designs that improve fit, 
increase preload, and help prevent loosening [1]. 
Internal connection implants with Morse taper 
should be preferred over external connection 
implants. Reducing prosthesis cantilevers when 
possible, and aligning implants so they are cen-
tered beneath occluding surfaces and perpendic-
ular to the occlusal plane also helps prevent the 
loosening of screws and/or fractures. Ensure to 
insert the implants in a reasonable position and 
orientation, and take appropriate measures to 
control the occlusal force, especially the non-
axial force.

13.2.2.2  Treatment
When screws loosen, they can be retightened. If 
the screw has been in service for some time, it is 
advisable to replace the screw with a new one. 
When an abutment screw has come loose, 
cement-retained crowns or FDPs have to be 
removed. One method presented in the literature 
involves fabricating the crowns with threaded 
tubes designed for turning small screws, which 
can be used to unseat the crown via contact 
between the end of the screw and the underlying 
abutment [71].

When screws fracture, it can be a challenge to 
remove the screw fragment. However, many 
older screws were such that they did not incorpo-
rate frictional fit with the implant threads, thus 
permitting an explorer or other dental instrument 
to be used to manipulate the fragment slowly in a 
counterclockwise direction. When a screw breaks 
at the top of its threaded section, it may be acces-
sible to a dental instrument and the screw can be 
rotated counterclockwise until it can be grasped 
with an instrument and removed.

Methods of removing screw fragments that 
cannot be rotated with a hand instrument or 
grasped by a hand instrument have included run-
ning a drill in reverse to grasp and remove the 
fragment, drilling into the screw fragment so it 

can be grasped, grinding a slot into the top of the 
screw fragment and modifying some instrument 
so it fits into the slot and the fragment can thereby 
be unscrewed [72]. When a fractured abutment 
screw fragment is located inside an implant, there 
are manufactured retrieval instruments that can 
aid in the process. Screw taps are also manufac-
tured to refresh implant threads should they 
become disturbed during the screw fragment 
removal.

13.2.3  Prosthesis or Framework 
Fractures

The reasons for fractures of prosthesis or frame-
work may be, the heavy occlusal force, the stress 
concentration produced when retentive mecha-
nisms are incorporated, fabricating defects, 
improper design of prosthesis or framework, 
porous and/or inadequate soldered connections, 
and inadequate thickness of prosthesis or frame-
work that is not sufficient to resist the forces 
placed on the prosthesis. Even adequately thick 
resin and metal can fatigue over time and fracture 
(Fig. 13.7).

13.2.3.1  Prevention
Material selection and structure design should be 
based on specific clinical characteristics. Ensure 
the adequate thickness of the framework to resist 
the forces. Internal bubbles and poor welding of 
metal, milling defects in zirconia, and other pro-
cessing defects should be avoided. Preventing 
implant overdenture fractures and resin base frac-
tures is best accomplished by maintaining an 
adequate resin thickness of at least 2  mm over 
retentive devices and using metal frameworks or 
fiber reinforcement. The incorporation of metal 
palates, metal reinforcing meshes, or woven or 
fiberglass-impregnated meshes may be necessary 
for some patients.

13.2.3.2  Treatment
When resin base fractures occur, the prosthesis 
should be repaired and the resin thickness 
increased, if possible. It may also be prudent to 
incorporate a metal mesh into the repair site [1]. 
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Fig. 13.7 Fracture in 
the inadequate thick part 
of the prosthesis

Fig. 13.8 Full-arch monolithic zirconia fixed prostheses

The fracture of a metal framework in a full-arch 
fixed prosthesis is best resolved by fabricating a 
new framework with thicker metal. Occasionally, 
it may be possible to remove overlying teeth/
resin and solder the metal framework. Zirconia is 
suggested as a suitable material for frameworks 
in FPDs and full-arch fixed prostheses (Fig. 13.8) 
when there is sufficient prosthetic space [73]. 
Fractures of FDPs frameworks require the fabri-
cation of a new prosthesis.

13.2.4  Fracture of the Veneering 
Material

Fracture of the veneering material is one of the 
most common mechanical complications. 
Implant-supported prostheses are particularly 
susceptible to fracture of the veneering material 
because implants have limited proprioceptive 
innervation and adaptive capacity. But is largely 
caused by unsupported veneering material or 
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occlusal overloading (Fig. 13.9). Manufacturing 
defects and insufficient restorative space can also 
contribute to the fracture of the veneering mate-
rial. Superstructures may be veneered with por-
celain, acrylic, or composite resin. Porcelain is 
the least likely to fracture and is often considered 
to be veneering material [74].

13.2.4.1  Prevention
To prevent veneering material fractures, suffi-
cient support should be provided by the frame-
work, with rational veneer thickness. Usually, a 
coping (manually or digitally) that closely reflects 
the final contour and volume of the anticipated 
final restoration should be fabricated. Then by 
manually trimming back the customized full con-
tour of the final restoration by 1.5–2 mm before 
casting in metal, a 1.5–2 mm veneering space of 
even thickness can be accomplished. Strict pol-
ishing and glazing procedures are recommended 
to reduce surface defects that could cause frac-
tures. Another method of preventing veneering 
material fractures is to avoid using metal alloys 
base and use monolithic zirconia restorations 

instead. For high-risk patients, a metal or zirconia 
occlusal surface is recommended (Fig.  13.10), 
and the cantilever should be avoided or short-
ened. The occlusion of implant prostheses should 
be carefully adjusted and monitored. Wearing a 
nightguard for a patient with bruxism could 
decrease the risk chipping of the prosthetic mate-
rial [75].

13.2.4.2  Treatment
When a fracture of the veneering material occurs, 
small fractures in non-aesthetic areas can be 
smoothed while larger fractures usually require 
repair. Minor fractures can be repaired intra- 
orally using resin or metal-ceramic repair sys-
tems. It is usually preferable to remove fractured 
superstructures and repair them in the laboratory. 
This process is facilitated when restorations are 
screw-retained. Porcelain absorbs water intra- 
orally and may crack when re-introduced into a 
creaming furnace. Therefore, superstructures 
veneered with porcelain must be thoroughly 
dried in a low-temperature desiccator before 
attempting repair. When recurrent veneer fracture 
occurs occlusal and palatal surfaces may be con-
structed in metal or zirconia.

13.2.5  Incidence of Mechanical 
Complications: Related 
Clinical Studies

Previous studies have clearly pointed out that 
mechanical complications do actually occur fre-
quently after relatively long follow-up time peri-
ods, which means they occur significantly later 
and more frequently than biological complica-Fig. 13.9 Fracture of the veneering material because of 

occlusal overloading

Fig. 13.10 Metal occlusal surface is recommended for a case with insufficient prosthetic space

13 Mechanics of the Prosthetic Rehabilitation



276

tions [76, 77]. Dhima et  al. [76] carried out a 
long-term retrospective study on the status of 
1325 implants, after a follow-up time of 29 years. 
It is reported that more mechanical complications 
occur than biological ones. According to this 
study, more than half (58%) of the implants expe-
rienced at least one mechanical complication. 
Another long-term (9–15  years) retrospective 
study [78] assessed survival and complication 
rates of 376 patients treated with 1095 implants, 
and reported the occurrence of biological and 
technical complications at least once during the 
follow-up period was 52% and 32%, 
respectively.

Recent systematic reviews based on clinical 
studies of at least 5 years have reported abutment 
screw fracture percentages of 1.3–9.3% and 
screw loosening percentages of 5.3–10.4% [75, 
79–82]. A systematic review of edentulous 
patients with fixed implant restorations reported 
that the most frequent mechanical complications 
were screw fracture and screw loosening. Each 
one of these complications alone presented a 
5-year complication rate of approximately 10% 
and a 10-year complication rate of approximately 
20% [83].

Kreissl et al. [84] reported, after an observa-
tion period of 5 years, a cumulative incidence of 
screw loosening of 6.7%; in addition, screw frac-
ture occurred in 3.9% of cases, fracture of the 
veneering porcelain occurred in 5.7% of cases, 
and fracture of the supra-structure framework 
was rare (<1%). Jung et  al. [85] performed a 
meta-analysis of the 5-year survival of implant- 
supported crowns and reported that the cumula-
tive incidence of implant fractures was 0.14%. 
After 5 years, the cumulative incidence of screw 
or abutment loosening was 12.7%, and screw or 
abutment fracture occurred in 0.35% of cases. 
For suprastructure-related complications, the 
cumulative incidence of ceramic or veneer frac-
tures was reported to have an incidence as high as 
30% over 3 years [86] in an early study, although 
this incidence has reduced to 4.5–13.2% [87]. 
For implant-supported fixed complete prosthe-
ses, a cohort study concluded that fracture of the 
prosthetic material was the most frequent major 

complication with the estimated 5-year dental 
unit-based rate of 9.5% [75].

The fracture of osseointegrated implants is a 
relatively rare occurrence with an incidence 
range from 0.08% to 0.74%. However, once 
encountered, it is a catastrophic event. A meta- 
analysis [88] on the incidence of implant frac-
ture, reviewing clinical studies that reported 
such fractures, concluded that the incidence of 
implant fracture comes to 2.8% after a follow-up 
time of 8.3  years. Yet, most implant fracture 
cases reported in this study occurred just after 
4.1 ± 3.5 years.

A systematic review [89] of implant-supported 
cantilevered fixed dental rehabilitations in par-
tially edentulous patients reported a cumulative 
5–10  years complications rate of 0.31% for 
implant fractures, 1.57% for abutment screw 
fracture, 5.33% for screw loosening, and 13.93% 
for veneer fracture. In another systematic review 
[90] based on implant-supported cantilevered 
fixed dental rehabilitations in fully edentulous 
patients, the cumulative 5–10  years complica-
tions rate was reported to be 6.91% for abutment 
or screw fracture, 5.01% for screw loosening, 
2.83% for framework fracture, and 25.66% for 
veneer fracture, with a 5-year veneer fracture rate 
of 37.32% on metal-resin full-arch cantilever 
restorations.

Clinicians providing implant treatment should 
be aware of these potential complications and the 
strategies by which they can be prevented and 
managed. Potential complications should be 
communicated to the patient before commencing 
treatment as part of the informed consent 
process.
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14Imaging of Non-resorbable Bone 
Substitutes

J. Fleiner and A. Stricker

14.1  Introduction

14.1.1  Guided Bone Regeneration

Nowadays, bone grafts are widely accepted in 
reconstructive dental surgery due to their avail-
ability and utility [1]. Bone grafts promote new 
bone formation and bone healing while providing 
an ideal scaffold for these processes. To avoid 
misinterpretation of a non-resorbable bone graft 
on radiographic images with residual disease, 
radiologists need to be familiar with the main 
imaging features of such materials. This article is 
aiming to describe the different radiographic fea-
tures of various non-resorbable bone graft mate-
rials, with an emphasis on the appearance of each 
material type on radiographs and other radiologic 
images.

14.1.2  Principles of Bone Grafting

The elementary role of NRBS is to support the 
physiological healing process of intraoral osse-
ous defects by promoting new bone formation 

and structural support. The bone graft material 
provides a scaffold to enhance the ingrowth of 
vessels and the migration of host cells with sub-
sequent osteogenesis. During the formation of 
the new bone, the inserted graft may be par-
tially or completely resorbed by creeping sub-
stitution [2].

Successful incorporation of bone graft mate-
rial in any site is based on new bone formation, 
structural incorporation of the graft, and adaptive 
bony remodeling due to mechanical loading. The 
sequential phases of the bony remodeling until 
the complete incorporation of the graft can be 
monitored by the radiographic follow-up [2].

14.1.3  Graft Materials

Bone grafts are widely used in dental surgical 
procedures, particularly in Periodontology [3–7], 
Implantology [4, 8–16], Endodontics [5, 17] and 
Oral Surgery [18, 19]. Despite the fact that autog-
enous bone can still be regarded as the “Gold 
Standard” in bone substitution [20–28], its major 
limitations comprise restricted general availabil-
ity and the need for a second surgical site includ-
ing increased postoperative morbidity [29]. In 
this context, other alternatives have been devel-
oped, and several types of filling biomaterials 
like allografts (human from tissue banks), xeno-
grafts (from animals), and numerous synthetic 
materials [22, 23, 25, 26, 30–34] have been eval-
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uated for bone regeneration. The selection of the 
biomaterial mostly depends on its features and 
the therapeutic application [11, 31, 35] whereas 
all of them have merits and limitations [20–27]. 
The ultimate decision is based on many factors, 
including the size and location of the bone tissue 
defect as well as the structural, biological, and 
biomechanical properties of the graft itself and 
potential surgical graft prevention [27, 34, 36].

14.1.3.1  Heterologous Grafts 
(Xenografts)

Heterologous materials are obtained from bones 
of different animal species; bovine, equine, and 
porcine bone being the most common sources 
[37–40]. Xenografts have different properties 
depending on their origin, constitution, and pro-
cessing [41], and their use might lead to increased 
general complications [42]. They have been used 
in different types of bone defects with quite 
promising results [2, 41]. These biomaterials are 
made of reticular apatite crystals, inducing coag-
ulum synthesis and stability of the blood clot 
[43]. Although numerous authors have confirmed 
the osteoconductive properties [44–48], there 
might be a possible risk of transmission of CJD 
or Bovine Spongiform Encephalopathy [49, 50] 
by xenografts according to the Food and Drug 
Administration (FDA). Furthermore, low reab-
sorption is mainly seen for these biomaterials: 
after many years the material is still between 
20% and 40% [51]. As collagen contributes to 
mineral deposition, vascular ingrowth, and 
growth factor binding, a trend towards collagen- 
based xenografts was observed within the last 
decade. It has to be mentioned that collagen 
could induce allergic responses, 3% of the popu-
lation is allergic to collagen and has a predisposi-
tion to develop diseases such as polymyositis and 
dermatomyositis [44].

14.1.3.2  Alloplastic Grafts
Alloplastic grafts represent synthetic bone substi-
tutes in various sizes, forms, and textures [12, 35, 
41]. Bauer and Mischler reported this type of 
bone graft promotes stable bonds with neo- 
synthetized bone [6], while the internal structur-
ing of the alloplastic grafts can be regarded as 

similar to bone tissue [52]. Some types of syn-
thetic grafts such as bioactive ceramics may even 
induce natural bone binding, due to their similar-
ity with mineral bone tissue.

Hydroxyapatite Allografts
Hydroxyapatite is a natural component of hard 
tissue (65% in bone tissue, 98% in enamel). 
Synthetic hydroxyapatite is available in different 
forms (porous, non-porous, ceramic, and non- 
ceramic) and has been widely used for regenera-
tive therapy in dental implantology, due to its 
osseointegrative capabilities [12, 53, 54].

Hydroxyapatite is bioinert and biocompatible, 
but it shows poor reabsorption and does not 
induce significant bone regeneration. 
Histomorphometric analysis could show a per-
centage of 41% of neo-synthetized bone, 30% of 
medullary spaces, and 31% of residual hydroxy-
apatite graft [55].

Tricalcic Phosphate Grafts
Tricalcic phosphate (TCP) grafts are pre-treated 
with naphthalene and then are compacted at high 
temperatures for obtaining a diameter porosity 
of 100–300 μm. During the process of reabsorp-
tion, TCP provides ionic calcium and magne-
sium to bone tissue promoting an ionic 
environment, which activates alkaline phospha-
tase, a fundamental element for further bone 
synthesis [56, 57].

Bioglass Grafts
Synthetic glass ceramics are made of silicon 
dioxide (45%), sodium oxide (24.5%), and phos-
phorus pentoxide [12, 58]. The bioglass particles 
show an average diameter of 300 μm. Bioglass 
has osteoconductive properties and its solubility 
is directly dependent on sodium oxide [12]. 
Histomorphometric analysis has given a percent-
age of 40% of new bone, 43% of medullary 
spaces, and 17% of bioglass particles surrounded 
by neo-synthetized bone [58].

Coralline Hydroxyapatite Grafts
Coralline hydroxyapatite is largely composed of 
calcium carbonate (87–98%), strontium, fluoride, 
magnesium, sodium and potassium (2–13%) [12, 
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59]. It has a porous structure (over 45%) with a 
diameter between 150 and 500 μm. The coralline 
hydroxyapatite has osteoconductive properties 
and underlies reabsorption by the carbonic anhy-
drases of osteoblasts. Histomorphometric 
 analysis has shown 42% of neo-synthesized 
bone, 40% of medullary spaces, and 18% of resi-
due biocoral [55, 60].

Polylactic Acid and Polyglycolic Acid
The combination of polymeric lactic acid and 
polyglycolic acid improves graft compatibility 
and degradability [58, 61, 62]. The insertion of 
polylactic and polyglycolic acid biopolymers 
could induce correct bone regeneration [63–65]. 
Histological analyses demonstrated almost com-
plete reabsorption with 43% of mineral bone, 
56% of medullary spaces, and only 1% of resid-
ual graft [55]. Although biological degradation 
and reabsorption (between 4 and 8  months) of 
this material is slow and progressive, it reveals a 
correct bone regeneration.

14.2  Imaging Characteristics 
of Non-resorbable Bone 
Substitutes

The potential influence of the up-above men-
tioned physical properties and characteristics of 
the graft material on the biological response can-
not be easily generally predicted as the published 
data contains different types of hydroxyapatite 
(natural and synthetic), different particle sizes, 
and therefore varying physicochemical proper-
ties. In this context, bone substitutes of the same 
origin may differ with regard to their radiographic 
appearance.

14.2.1  Non-resorbable Bone 
Substitutes

Non-resorbable bone substitutes are mainly com-
posed of calcium sulfate, hydroxyapatite, trical-
cium phosphate, or a combination. NRBS provide 
an osteoconductive lattice on which host osteo-
genesis can take place, but they lack osteoinduc-

tive properties. As NRBS are available in a 
variety of forms, including pellets, cement, and 
injectable paste, they are radiopaque and designed 
for use in spaces that are not intrinsic to the sta-
bility of the bone structure. These products allow 
so-called “creeping substitution”, which implies 
the resorption of the ceramic and its subsequent 
replacement by new bone during the healing 
process.

On radiographs, NRBS appear denser than 
the neighboring native bone. In the initial post-
operative period, a lucent band is identifiable at 
the graft-host junction, and the margins and 
internal architecture of the graft are sharply out-
lined. Osseous integration starts right after sur-
gery, with subsequent obliteration of the 
translucent area originally surrounding the 
implant. Furthermore, subsequent loss of defini-
tion of the implant margins can be radiographi-
cally observed. These changes in appearance are 
likely to result from osteoclastic activity and 
osseous ingrowth [66]. Generally, calcium sul-
fate ceramic shows quite similar radiographic 
attenuation in CT scans as observed for cortical 
bone immediately after surgical insertion; how-
ever, a near- complete radiolucency is seen after 
3  months because of rapid resorption. As the 
ceramic bone substitutes contain calcium sul-
fates appearing hypointense and masslike, 
potential pitfalls may exist in MR imaging, 
regardless of the MR sequence used, leading 
physicians to mistake the graft for residual or 
recurrent tumor.

14.2.2  Composite Grafts

Composite grafts include the appreciated osteo-
conductive attributes of ceramics and osteoin-
ductive characteristics of a demineralized bone 
matrix in a single compound. As is the case 
with other mineral-containing synthetic bone 
grafts, the composite grafts appear radiopaque 
on postoperative radiographs and CT scans and 
over time may be incorporated into the skeletal 
structure. Demineralized bone matrix putty also 
may be combined with a bone auto- or allograft 
to obtain both osteoconductive and osteoinduc-
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tive properties. On both immediate postopera-
tive and subsequent radiographs, the 
combination of putty and bonegraft compo-
nents appears to have a density in the range of 
500–1000  HU, thus representing a density 
between medullary and cortical bone. Diffuse 
signal enhancement in the  postoperative area is 
a typical finding on MR images, most likely 
because of the calcium content of bone graft 
material and the ingrowth of vascularized gran-
ulation tissue.

14.3  Imaging Modalities 
for the Visualization of Non- 
resorbable Bone Substitutes 
and Peri-Implant Bony 
Interface

Radiographic analyses are commonly used in 
implant dentistry as an important diagnostic tool 
for treatment planning and follow-up. These 
analyses principally allow the evaluation of 
implant stability, marginal bone level, and bone–
implant contact. They also serve for assessing the 
trabecular bony microstructure, bone quantity, 
and quality [67, 68], thus helping to evaluate the 
osseointegration or failing integration of implants 
and bone grafting material at an early stage 
already.

14.3.1  Intraoral Film Radiography/
Extraoral Panoramic Image

Intraoral radiography has been widely used to 
reveal changes around dental implants [69], 
mainly due to their considerable advantages, 
such as low costs, widespread availability, good 
patient tolerance, user-friendliness, and the 
ability to provide high-resolution images for 
accurate measurements at the implant sites [70, 
71].

With regard to the radiological assessment of 
continuous bone loss, e.g., after a regenerative 
surgical procedure, intraoral radiographs suffer 
from their inherent two-dimensional (2D) char-
acter. On 2D images, the detection of the mar-
ginal bone level, the clear delineation of 
intra-osseous defects, and their changes over 
time may be negatively influenced by anatomical 
superimposition, overlay, and geometric distor-
tion [70]. Furthermore, potential evaluation of 
the buccal and lingual bone levels is limited 
because of the two-dimensional character of the 
radiographic modality.

14.3.2  Micro-Computed Tomography 
(In-Vitro Assessment)

X-ray microtomography (micro-CT) can be con-
sidered a miniaturized form of conventional 
tomography, performing three-dimensional 
images with a high spatial resolution (<10-μm 
pixel size) in order to analyze the internal struc-
tures of small objects [72, 73]. As micro-CT is a 
non-invasive and non-destructive technique, 
samples need not be altered or treated in any way 
prior to scanning, in biomaterial studies and tis-
sue engineering, this microtomographic tech-
nique shows very promising in vitro results and 
helps to characterize morphometric features of 
human bone tissue and biomaterials. Yet it has to 
be emphasized, that its use is limited to small 
ex  vivo bone samples and cannot be employed 
for the clinical patient.

Micro-CT allows a precise three-dimensional 
(3D) reconstruction of jaw bone samples and the 
assessment of the cancellous bone [74], in this 
way contributing to measure histomorphometric 
variables, e.g. bone volume, total volume, bone 
volume fraction, trabecular thickness, trabecular 
number, and trabecular separation [75].

Compared to clinically relevant slice-imag-
ing modalities such as high-resolution CBCT, 
microCT could confirm the correlation between 
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radiographic bone density basing on and bone 
density [76–82], however, the overestimation 
of morphometric parameters and acquisition 
settings in CBCT must be taken into account 
[83, 84].

14.3.3  Magnetic Resonance Imaging 
(MRI)

MR appearance of non-resorbable bone substi-
tutes is quite variable [66]. Non-resorbable bone 
substitutes show high opacity and attenuation on 
initial postoperative radiographs and CT scans, 
while their opacity or attenuation gradually 
decreases over time, as graft incorporation takes 
place [66]. During radiographic follow-up con-
trols, the inserted material will remain somewhat 
opaque and highly attenuating, followed by a 
degree of lucency as creeping substitution, 
resorption, and osseous healing or incorporation 
continue.

NRBS show hyperintense signals on 
T1-weighted images and hypointense response 
on T2-weighted images as the bone substitutes 
appear denser than the adjacent native bone [66]. 
Possible alterations during follow-up imaging 
may result due to infection and pathologic 
appearance of bony osteolytic changes after 
unsuccessful surgery. As new synthetic materials 
are developed, the recognition of their imaging 
characteristics will be further challenging in 
order to avoid diagnostic pitfalls.

14.3.4  Multispiral-Computed 
Tomography (MSCT)

Computed tomography (CT) allows precise 
three-dimensional evaluation of anatomic struc-
tures [85, 86] and direct measurements of bone 
density prior to dental implant surgery and 
regenerative treatment [87–91]. Bone density 
measurements are expressed by Hounsfield units 
(HU), representing the relative density of body 
tissues according to a calibrated gray-level scale, 
based on values for air (−1000 HU), water (0 

HU), and bone density (+1000  HU) [92]. 
HU-based evaluation of the bone density seems 
to be a useful method to analyze the jaw bone, 
however high radiation doses associated with CT 
imaging have to be taken into account [68, 91, 
93, 94].

14.3.5  Cone-Beam CT (CBCT)

The introduction of CBCT has led to a more 
widespread use of three-dimensional (3D) imag-
ing in dentistry in recent years [95] allowing cli-
nicians to view the craniofacial structures in 
three dimensions at a relatively high spatial 
resolution.

The inherent 3D nature of the surgical site has 
moved pre-surgical planning towards the use of 
dental CBCT, as it can offer high-quality 3D 
images at relatively low radiation doses and 
costs. Apart from the radiodiagnostic possibili-
ties, dental CBCT offers peri- and postsurgical 
potential, explaining the success of CBCT in the 
fields of dental implantology and oral surgery 
while increasingly replacing multislice CT 
(MSCT) [96, 97] for the visualization of high- 
contrast structures of the oral region (bone, teeth, 
air cavities).

Traditionally, bone quality parameters and clas-
sifications were primarily based on HU representa-
tion derived from MSCT datasets. It has to be 
emphasized that there are crucial differences 
between MSCT and CBCT, which complicates the 
use of quantitative gray values (GV) for the latter 
[96–103]. Both experimental as well as clinical 
studies have shown that great variability of GVs 
may occur for CBCT images because of various 
reasons that are inherently associated with this 
technique. The imprecise and variable intensity 
values for CBCT may be attributed i.e. the limited 
field size, cone angle, high amount of scattered 
radiation, and limitations of image reconstruction 
algorithms resulting in inaccurate calculations [91, 
104]. Numerous attempts were made to compare 
CBCT GVs with clinical bone parameters and to 
calibrate GVs along a density scale by various 
authors [67, 91, 105–113]. While the presented 
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results often seem promising, it must be stated that 
the intensity values in CBCT images are not 
entirely reliable, because they are influenced by the 
device, the imaging parameters, and the position of 
the area being evaluated [92]. In summary, conven-
tional HU-representation of CT does not directly 
apply to CBCT [92, 114–120], the use of quantita-
tive GV remains essential, therefore CBCT images 
should at least be acquired with identical exposure 
time and field-of-view to reduce GV variability 
[120]. As a consequence, recent research and clini-
cal findings have shifted the paradigm of bone 
quality from a density-based analysis to a structural 
evaluation of the bone [94, 121–123].

In this context, it has to be emphasized that 
precise identification of corresponding land-
marks and defined borders within consecutive 
(CB-)CT scans is regarded crucial for reliable 
assessment of bony remodeling and recontouring 
changes of the grafted augmentation material. 
Therefore further scientific attempts will have to 
be based on automated image registration and 
geometric alignment of consecutive datasets for a 
more consistent and precise evaluation, thus 
allowing the definition of identical ROI prior to 
the evaluation of bone grafts in images of differ-
ent time points [124].

14.3.5.1  Accuracy of CBCT 
Measurements in Bone 
Regeneration Procedure 
Using NRBS

Modern CBCT technology has validated its use-
fulness and high measurement accuracy for sev-
eral diagnostic purposes [125–135]. Compared to 
MSCT CBCT is related to a considerable radia-
tion dose reduction [70, 136, 137]. In any way, 
the evaluation of the peri- implant bone including 
peri-implant bone regeneration requires three-
dimensional radiological investigation on a high 
level of diagnostic precision [131]. Accuracy of 
CBCT measurements at the peri-implant tissues 
including bone defects after regenerative reha-
bilitation using NRBS has therefore to be com-
pared to the golden standard of histological 
measurements or micro-CT [117–119, 138, 139]. 
Even if linear measurements using CBCT can 
provide values at a sub- millimeter accuracy level 

[69, 127, 140, 141], it has to be emphasized that 
any distance or volume measurement might con-
tain unavoidable errors of at least the selected 
voxel size. Additionally, a low contrast range and 
low image resolution are further limiting the pre-
cision of the modality by unavoidable artifact 
occurrence [140, 141]. The existence of 
radiodense objects like implants causes different 
types of artifacts [142], and might complicate the 
visualization of the bone–implant interface [130]. 
In normal clinical settings, the presence of metal-
lic restorative materials with high atomic num-
bers hardens the X-ray beam while causing 
streaking artifacts, extinction, and beam-harden-
ing artifacts [104]. Resulting artifacts degrade the 
quality of images and affect the gray scales of 
normal anatomical structures close to foreign 
bodies such as regenerative bone substitute mate-
rials. The severity of the mentioned effects is also 
dependent on the energy of the applied X-ray 
beam, density, and geometry of artifact-inducing 
materials [142]. In this context, it might be of 
interest whether and to what extent NRBS could 
cause beam hardening artifacts. Preliminary tests 
showed the radiopacities of the BAM used being 
only slightly or not above the radiopacities of 
human bone or dog bone [140, 141]. This is what 
can be expected as the NRBS used is of the bone 
origin or is composed of the same chemical ele-
ments as bone. Even if NRBS show as high-den-
sity radiopaque granule structures, significant 
beam hardening artifacts by the incorporated 
NRBS are unlikely, as they can normally be 
found in homogenous contact with the adjacent 
bone or completely integrated into living bone. 
Often there is some doubt or error because it is 
difficult to distinguish newly formed bone and 
bone substitute granules in CBCT images.

In conclusion, it has to be emphasized that 
current research study activities indicate that 
modern high-resolution CBCT systems allow 
measurements of peri-implant bone thickness at 
accuracy in the sub-millimeter range, and—
within some limits—assessing the existence of 
NRBS and its integration into the bone, but the 
evaluation of complete hard-tissue covering of 
the implant surface still remains a diagnostic 
challenge for the above-mentioned reasons [124].
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15Biology of Low-Substitution Bone 
Substitutes

Richard J. Miron, Yufeng Zhang, 
and Dieter D. Bosshardt

15.1  Introduction

In order to develop optimal implant sites either 
prior to or during implant surgery, a sufficient 
quantity of bone volume in the vertical and hori-
zontal dimensions of the alveolar ridge is manda-
tory [1]. For these reasons, bone grafting 
materials have played both a pivotal and crucial 
role in modern-day implant dentistry. The con-
cept of utilizing bone grafts in ‘Guided Tissue/
Bone Regeneration’ (GTR/GBR) procedures 
dates back over 30 years when it was introduced 
to the field of periodontology and implant den-
tistry [2–5]. It is hard to imagine a modern 
implant dentistry textbook without mentioning 
the drastic impact of such procedures in everyday 
practice.

Today, an extensive array of bone grafts exists 
on the market. These range from autografts 
(derived from the same patient), allografts 
(derived from another human being), xenografts 
(derived from other animal species and plants), 
and synthetically fabricated alloplasts [6]. Each 
of these classes of bone grafts comes with vari-

ous handling properties, biocompatibility, sur-
face geometry and chemistry, mechanical 
properties and degradation properties 
(Table  15.1). While autogenous bone has long 
been considered the gold standard due to its 
excellent combination of features including 
osteoconduction, osteoinduction, and osteogene-
sis [7, 8], alternative bone grafting materials 
available in higher supply with less patient mor-
bidity have always been a desired end-goal of the 
clinician.

Allografts demonstrate an excellent replace-
ment option with good osteoconductive proper-
ties and certain classes are known to be 
osteoinductive attributed to their release of bone 
morphogenetic proteins (BMPs) in demineral-
ized grafts [9]. Furthermore, xenografts are a 
highly-utilized bone grafting material in many 
countries, especially in countries where the use 
of allografts is not permitted. It has since been 
revealed that, unlike allografts, xenografts typi-
cally do not undergo extensive resorption over 
time, and particularly the highly-investigated 
deproteinized bovine bone mineral (DBBM, Bio- 
Oss®, Geistlich, Switzerland) has been character-
ized as a slow-resorbing material due in large part 
to the material’s non-resorbing properties over 
time even years after its implantation. The litera-
ture has often described these ‘slow-resorbing’ 
biomaterials as either non-resorbing, minimally- 
resorbing, slowly-resorbing, or low-substitution 
biomaterials. Below we highlight the widespread 
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Table 15.1 Classification of bone grafting materials used for the regeneration of periodontal intrabony defects

Material characteristic Ideal Autograft Allograft Xenograft Alloplast
Biocompatibility + + + + +
Safety + + + + +
Surface characteristics + + + + +
Geometry + + + + +
Handling + + +/− + +
Mechanical characteristics + + +/− + −
Osteogenic + + − − −
Osteoinductivity + + +/− − −
Osteoconductivity + + + + +
Degradation Properties + + + +/− +/−

use of slow-resorbing bone grafts in regenerative 
implant dentistry and discuss their impact on 
implant dentistry.

15.2  Use of Low-Substitution 
Materials in Contour 
Augmentation

While it was first relatively unknown to what 
extent bone resorption would occur following 
bone augmentation procedures with xenografts, 
the most prominent advantage of these biomate-
rials remains that augmented bone can be main-
tained years following their surgical implantation. 
Unlike allografts that are prone to dimensional 
ridge loss over time, xenografts tend to maintain 
their volume owing to their low-substitution 
properties. For these reasons, a variety of proce-
dures in dentistry have since been adapted to take 
advantage of low-substitution rate materials; 
namely DBBM.

Implant placement in the esthetic zone has had 
many controversies relating to implant size, 
three-dimensional implant location, use of plat-
form switching, and use of temporary crowns, 
among other things. The main concern has been 
the risk of a mucogingival recession occurring 
years after implant placement (typically found 

5–6  years following immediate implant place-
ment). For these reasons, Buser et al. [10] dem-
onstrated high implant stability and bone volume 
on the facial aspect of implant surfaces years 
after placement when contour augmentation was 
performed with the slow-resorbing DBBM.  In 
some of the most well-documented clinical stud-
ies on this topic, the likelihood of peri-implant 
soft tissue recession has been markedly reduced 
by following these protocols and by primarily 
utilizing slowly resorbing, particulate bone sub-
stitutes (Fig. 15.1).

Similarly, vertical bone augmentation has 
been one of the most difficult regenerative proce-
dures to obtain predictable results. Several groups 
have further shown that the additional use of 
xenografts in combination with autografts is a 
way of preserving ideal bone volume years fol-
lowing regeneration when compared to the utiliz-
ing of autografts alone or allografts (Fig. 15.2). 
For these reasons, xenografts and low- substitution 
synthetic materials have also been utilized in 
such cases. Below, we highlight the experimental 
design and processing of typical histological 
parameters for the investigation of sections 
embedded in resin and paraffin and later investi-
gate the nature of cells around low-substitution 
biomaterials and how to characterize them 
accordingly.
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a b

c d

Fig. 15.1 (a) The bone-level implant is inserted in an 
appropriate three-dimensional position, leaving a crater-
like defect on the facial aspect of the implant. The implant 
platform is located 2–3 mm apical to the midfacial cemen-
toenamel junction of the adjacent central incisor. (b) The 
implant is positioned slightly to the palatal aspect with the 
exposed implant surface clearly inside the alveolar crest. 
(c) The endosseous portion of the defect is filled with 
autogenous bone chips, which were harvested at the nasal 

spine. (d) The site is overcontoured with a second layer of 
DBBM granules for contour augmentation. (e) The aug-
mentation material is covered with a non-crosslinked col-
lagen membrane applied with a double-layer technique. 
(f) After an incision is made in the periosteum, tension- 
free primary wound closure is achieved with fine, non- 
resorbable suture material. (Reprinted with permission 
from [10])

15 Biology of Low-Substitution Bone Substitutes



298

a b

c d

Fig. 15.2 (a) Labial view demonstrating a vertical defect 
after extraction of four incisors. (b, c) Labial and occlusal 
view of the particulate composite bone graft with autoge-

nous bone and DBBM xenograft. (d) Labial view of the 
regenerated ridge after 9  months of healing. (Reprinted 
with permission from [11])

15.3  Typical Resin and Paraffin 
Embedding

Though the purpose of this chapter is not designed 
to elaborate on technical aspects of histology 
such as embedding and histological assessment 
of typical bone grafts, it is important to note that 
the majority of experimental designs investigat-
ing bone grafts are intended to quantify new bone 
formation and material resorption utilizing hard 
tissue resin sections due to their superior  accuracy 

(Figs.  15.3, 15.4, and 15.5). While paraffin 
embedding has not been utilized as frequently to 
quantify new bone formation, it does however 
offer the advantage that sections can then be uti-
lized to perform immunohistochemistry via dif-
ferent methods later discussed in this chapter. 
Below we showcase the specific protocols 
adapted for low-substitution bone grafts, with an 
emphasis placed on understanding how and why 
resorption occurs around bone biomaterials at 
both the cellular, molecular, and genetic levels.

R. J. Miron et al.
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a b

c d

e f

g h

Fig. 15.3 Histological overview sections showing bone 
defects grafted with (a, b) autogenous bone, (c, d) DBBM, 
(e, f) BCP 60/40, and (g, h) HA-SiO, after (a, c, e, g) 2 and 
(b, d, f, h) 8 weeks of healing. In all defects, the bone fill-
ers provide sufficient mechanical support for the barrier 

membrane. For all grafting materials, bone formation 
starts at the defect margins. However, penetration of the 
defect area with new bone occurs at different rates. 
(Reprinted with permission from [12])
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c d

e f

g h

Fig. 15.4 Higher magnifications of the defect margins at 
the bottom of the defects grafted with (a, b) autogenous 
bone, (c, d) DBBM, (e, f) BCP 60/40, and (g, h) HA-SiO, 
after (a, c, e, g) 2 and (b, d, f, h) 8 weeks of healing. For 
all bone fillers, new bone (NB) is present in contact with 
old bone (OB) and interconnecting bone filler particles 
(*). Note that after 2  weeks, bone formation is most 
advanced for the autogenous bone group. In all groups, 
the soft tissue (ST) does not resemble bone marrow (BM). 
Most new bone is woven bone. However, conversion from 

woven bone to parallel-fibered bone formation is first 
observed in the autogenous bone group. After 8  weeks, 
dense and mature bone (i.e., woven bone reinforced by 
parallel-fibered bone) is observed in all groups. However, 
maturation of the bone marrow is most advanced in the 
autogenous bone group, as indicated by the presence of 
large bone marrow cavities and trabecular bone (b), fol-
lowed by the DBBM (d), the HA-SiO (h), and the BCP 
60/40 (f) groups. (Reprinted with permission from [12])
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a b

Fig. 15.5 Histologic overview sections showing regions 
of interest for the histomorphometric evaluation. (a) 
Overview, central section through the dental implant. The 
thickness of the original sinus wall is recorded as the aver-
age between the thickness on the mesial and on the distal 
aspect (green lines). In this case, the sinus wall around the 
implant is unusually thick due to the fact that the implant 
was placed in the area of a former sinus septum. The red 
lines delineate the area where the histomorphometric 
analysis of bone volume, DBBM volume, and osteocon-

duction was performed on the two central sections includ-
ing the dental implant. (b) Overview section 5 mm mesial 
to the dental implant in the area of the former lateral win-
dow. The red squares indicate the areas where the histo-
morphometric evaluations were performed: a 
caudal-medial square, a central square, and a cranio- 
lateral square. In every other section, the order was 
shifted: a cranio-medial square, a central square, and a 
caudal-lateral square. (Reprinted with permission from 
[13])

15.4  Understanding Monocyte/
Macrophage Lineage 
Differentiation 
to Osteoclasts and Multi- 
Nucleated Giant Cells

Monocytes and macrophages are one of the most 
abundant cell types found in the body and repre-
sent the first cells that interact with implanted 
biomaterials such as bone grafts. Interestingly, 
while they are rapidly recruited to freshly 
implanted bone biomaterials, they also represent 

the ability to polarize towards M1 pro- 
inflammatory macrophages or be associated with 
biomaterial tissue integration via M2 polarization 
[14]. Based on their crucial and distinct roles in 
tissue homeostasis and immunity, they have been 
deemed attractive therapeutic targets, and strate-
gies in the biomaterial field are currently explor-
ing their impact on tissue integration of various 
bone biomaterials [15]. It is now understood that 
macrophages are the major effector cells in bone 
tissue development and re(modeling) as well as 
biomaterial integration [15, 16]. Knockout ani-
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mal models have clearly demonstrated that their 
loss around bone biomaterials is associated with 
a reduction in osteoinductivity [17].

This special subset of osteal macrophages 
(also referred to as “OsteoMacs”) resides within 
the bone [18] and acts as the main driving force 
behind biomaterial integration (or non- 
integration). Interestingly, macrophages have 
also been known to fuse into large multi- nucleated 
giant cells that may polarize similarly to macro-
phages. Although it was once believed that all 
MNGCs around biomaterials were a sign of for-
eign body reaction and material rejection, more 
recently they have also been found associated 
with M2-related cytokines, growth factor expres-
sion, and material integration [19]. These cells 
have also more recently been identified to be dis-
tinctively different from osteoclasts [20]. While it 
is now well understood that MNGCs around cer-
tain classes of slow-resorbing bone grafts are dis-
tinctive from osteoclasts, their fusion from 
precursor cells including monocytes and macro-
phages, as well as their direct role in bone bioma-
terial integration remain extremely poorly 
understood. Furthermore, factors affecting their 
development and phenotypes towards more spe-
cialized cell types are also poorly understood.

Human histological samples derived from 
bone augmentation procedures performed within 
our dental clinics have shown that slow- resorption 
bone grafts are routinely surrounded by large 
MNGCs even years after their implantation [21] 
(Fig. 15.6). This led our research team to ques-
tion the precise role of MNGCs, especially in this 
special subclass of bone biomaterials, as previ-
ously MNGCs have routinely been associated 
with a foreign body reaction [15]. In line with 
this same research direction, a group of studies in 
the cardiovascular field began to realize that 
 calcified atherosclerotic plaque, which was once 
thought to be an inflammation-driven process, 
was shown to be associated with M2-macrophage 
polarization (not M1) with fusion towards 
MNGCs during the bone-forming process taking 
place [23–27]. While it is known that mineralized 
tissue formation found around arteries certainly 
represents a grave pathological state, our research 
team questioned whether such a situation would 
be advantageous around bone biomaterials. It 

thus became clear that a substantial amount of 
additional research was needed to better under-
stand this special class of cells including macro-
phage polarization and fusion towards MNGCs. 
For this reason, an entire chapter is dedicated to 
the necessary research protocols to better answer 
these important questions. Below we begin by 
elucidating the key monocyte differentiation 
pathways towards many cell types. While the 
focus is not to extensively review these pathways, 
it is important that clinicians/investigators alike 
understand the individual role and markers of 
these specific subsets of monocyte-derived cells 
in order to accurately identify them around bone 
biomaterials.

15.5  Monocyte to Macrophage 
Polarization Around Bone 
Biomaterials

The role of monocyte-derived macrophages has 
experienced a key shift in understanding. While it 
was once believed that the majority of macro-
phages were derived from monocytes, more 
recent evidence has in fact shown that monocytes 
do not substantially contribute to macrophage 
populations in the steady state [28]. More recent 
data from a number of studies opposed these ini-
tial viewpoints and found that the majority of 

Fig. 15.6 MNGCs on Straumann® BoneCeramic (BCP). 
(Reprinted with permission from [22])
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tissue-resident macrophages including 
OsteoMacs are self-renewing within host tissues 
[29–32].

Colony-stimulating factor 1 (CSF1, also 
known as M-CSF) is the most important growth 
factor for monocyte development. Knockout ani-
mal models where mice are deficient in CSF1 or 
its receptor CSF1R (CD115) exhibit severe mal-
formations and monocytopenia [33–35]. In the 
late 1980s, two main subpopulations of mono-
cytes were described either CD14+ monocytes 
(which can be further subdivided into distinct 
populations of CD14+CD16+ and CD14+CD16− 
monocytes) and CD14lowCD16+ monocytes [36]. 
It has been shown that under certain settings, IL-4 
has been identified as a major modulator of mac-
rophage proliferation [37] whereas CSF1 pro-
motes both their proliferation and monocyte 
recruitment [38]. Macrophages are further known 
to secrete an entire range of growth factors and 
cytokines both owing to their role in either pro- or 
anti-inflammation [33, 39, 40]. For the detection 
of macrophages, the F4/80 monoclonal antibody 
has been most widespread and its expression is 
rapidly downregulated in osteoclasts [41].

Interestingly, more research over the past 
decade has pointed to the fact that macrophages 
may further be subdivided based on their polar-
ization into classical M1 pro-inflammatory mac-
rophages or M2 inflammation-resolution/wound 
healing macrophages (Fig.  15.7). Pro- 
inflammatory macrophages (M1) are created in 
response to LPS and TNF-alpha [42, 43], IL-6 
[44, 45] and IL-1β [43, 46]. M2 macrophages are 
typically characterized based on their ability to 
secrete TGF-β and arginase, both implicators in 
tissue repair [47–50]. Table  15.2 summarizes 
some of the common M1 and M2 macrophage 
markers. M1 macrophages are produced in vitro 
with IFN-γ+  +  LPS and TNF-α, whereas M2 
macrophages have been subdivided into various 
classifications (Fig. 15.7) [52]. While it is known 
that IL-4 is the main cytokine responsible for M2 
macrophage polarization [47–50, 52], subclasses 
including M2a, M2b, and M2c can be produced 
with IL-4  +  IL-13 [49, 53–56], IgG-immune 
complexes and IL-1R ligands [57, 58] and IL-10 
[58], respectively (Fig.  15.7). While macro-
phages and osteoclasts are both derived from the 

monocyte lineage, they can be clearly distin-
guished based on the presence of additional 
nuclei in osteoclasts as well as morphological 
features and expression markers presented later 
in this chapter [59, 60].

Fig. 15.7 Monocyte differentiation including expression 
markers into Osteoclasts, M1, M2a, M2b, M2c macro-
phages, and MNGCs. (Reprinted with permission from 
[15])

Table 15.2 Markers of macrophages of M1 and M2 
phenotypes

M1 M2
B7 (CD80) M130 (CD163)
B7.2 (CD86) CD206 (MRC1, mannose 

receptor)
CCR7 (MCP-3) FceRII (CD23)
CCL22 (MDC1) CD36
CD64
CXCL10 (IP-10) IL-1 Ra
SOCS1
TLR-2 Nucleotide receptors (GPR86, 

GPR105, P2Y8, P2Y11, P2Y12)TLR-4
FcyRIII (CD16) C-type lectin-like receptor dectin-1
FcyRII (CD32) DC-SIGN (CD209)
LAM-1 (CD62) DCIR (CLECSF6)
IL-1 R1 CLACSF13
IL-7R (CD127) FIZZ1, ST2 (mouse)
IL-2R (α chain) Phagocyte receptors (SR-A, M60)

IL-15R (α chain) CXCR4, fusin (CD184)
IL-17R (CTLA8) 
(CDw217)

TRAIL

Adapted from Novoselov et al. [51]
Highlighted bold markers present the most common
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15.6  Multi-Nucleated Giant Cells 
as Previously Described: 
The Foreign Body Giant Cell

When original research began to notice the pres-
ence of MNGCs around either biomaterials or 
located throughout the human body, they were 
often characterized as being ‘bad’ cells associ-
ated with a foreign body reaction. As a result, 
original experiments focused on investigating 
their effects primarily in response to bacterial 
pathogens [61]. Since then, this field has 
expanded considerably with a number of syn-
onyms including foreign-body giant cell (FBGC), 
foreign body cell (FBC), multinucleated cell 
(MNC), multinucleated giant cell (MNGC), or 
giant-body foreign cell (GBFC). These first 
experiments demonstrated how macrophages, in 
response to pathogens, formed large MNGCs 
(described as having 15 nuclei or more), whereas 
those found in response to low-virulence myco-
bacterium consistently produced MNGCs with 
seven or fewer nuclei [61]. It was therefore 
assumed that the larger the MNGC, the more 
serious the infection/inflammatory state.

To this day, when large MNGCs are found 
either around a biomaterial, they are routinely 
characterized as a foreign body reaction (which 
may not necessarily be the case in all scenarios) 
[62, 63]. Since no characteristic differences exist 
between FBGCs and MNGCs, our group recently 
proposed that the classical M1-macrophage 
fusion towards MNGCs be characterized as 
M1-MNGCs versus M2-MNGCs due to the abil-
ity for macrophages from both polarization states 
to form MNGCs.

15.7  Osteoclasts

Osteoclasts are by far the most characterized and 
well-researched multi-nucleated cells of the 
body. In fact, until recently, it was believed that 
all multi-nucleated cells around bone grafts were 
osteoclasts with no characterization possible dif-
ferentiating between MNGCs and osteoclasts. 

Osteoclasts produce a number of binding domains 
specific to osteoclasts including alphavbeta3 inte-
grins which are absent from macrophage precur-
sors [64]. These integrins bind through RGD 
peptide domains to bone matrix proteins to make 
podosome rings [65, 66]. One key differentiation 
factor needed for osteoclasts is the receptor acti-
vator of nuclear factor kappa-B ligand (RANKL) 
[34, 67–70]. Osteoprotegerin (OPG) is the antag-
onist of RANKL and binds to it to prevent osteo-
clast formation [71]. Over the past decade, more 
focused research has better-characterized osteo-
clasts specifically using expression profiles and 
surface marker recognition tools. Osteoclasts 
most commonly express calcitonin receptor 
(CTR or CT-R), tartrate-resistant acid phospha-
tase (TRAP), and RANK, as well as surface 
markers CD1a, CD40, CD83, and CD95/fas later 
discussed (Table 15.3).

Table 15.3 Expression of key cell surface markers in 
osteoclast and MNGCs

Cell surface 
marker

Osteoclast 
expression

MNGCs 
expression

Calcitonin 
receptor

+++ −

TRAP +++ +
RANK +++ −
Cathepsin K +++ +/−
CD9 + +
CD13 + +
CD14 − +/−
CD40 +/− −
CD44 + +
CD51 + +/−
CD68 + +++
CD86 (B7-2) − +++
CD98 + +++
CD147 + +
CD206 − +
MMP9 +++ +
HLA-DR − +++
EMR1 (F4/80) − +/?
B7-H1 (PD-L1) ? +++

For table purposes, +  =  expressed in cell-type, 
+++ = highly expressed in cell-type, − = not expressed in 
cell, +/− = expressed in certain studies, yet not expressed 
in others, ?  =  no study to date has investigated its 
expression
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15.8  Recent Understanding 
of Multi-Nucleated Giant 
Cells

More recently, the expression patterns, binding 
motifs, fusion patterns, and surface markers of 
MNGCs have been studied; most notably around 
soft tissue biomaterials [72]. While MNGCs are 
not found abundantly in normal human tissues, 
they have commonly been reported in failing soft 
tissue implanted devices (from here forward 
referred to as M1-MNGCs) [73–77]. One hypoth-
esis was that ‘frustrated’ macrophages would 
fuse in response to foreign particles too large in 
size in an attempt to better phagocytose the for-
eign biomaterial [75]. Some have in fact hypoth-
esized that MNGCs found in soft tissues are the 
equivalent of bone-resorbing osteoclasts respon-
sible for the degradation of biomaterials [78]. 
While this viewpoint is not opposed, it remains 
interesting to point out that MNGCs are also 
found around bone samples vastly different from 
osteoclasts [15].

Basic studies on MNGCs found that beta 1 
and beta 2 integrins were the predominant bind-
ing domains of monocytes and macrophages 
induced by IL-4 cell-cell fusion during MNGC 
formation [79]. Furthermore, a variety of surface 
receptors during fusion include CD44, CD47, 
CD200, signal regulatory protein 1a, IL-4r, 
E-cadherin, and mannose receptors [72]. Other 
molecules found implicated in MNGC fusion, 
function or survival include STAT6, P2X7 recep-
tor, and connexin 43 [80–83]. Interestingly, more 
recent basic in  vitro work confirmed that IL-4 
and IL-13 (both M2-polarization of macro-
phages) can induce the fusion and formation of 
MNGCs [84].

Other markers strongly expressed in MNGCs 
are HLA-DR, CD98, B7-2 (CD86), and B7-H1 
(PD-L1), but not B7-1 (CD80) or B7-H2 (B7RP- 
1). In contrast, markers commonly expressed in 
osteoclasts include CTR or CT-R, TRAP, and 
RANK (Table 15.3). Furthermore, surface mark-
ers including CD1a, CD40, CD83, and CD95/fas 
are expressed highly in osteoclasts but found 

undetectable in soft tissue MNGCs [85]. 
Table 15.3 categorizes previous findings compar-
ing expression profiles of osteoclasts and MNGCs.

15.9  Atherosclerotic ‘Foam’ Cells

One of the most interesting pieces of information 
regarding the ability of macrophages and MGNCs 
to induce new bone formation came from research 
conducted investigating atherosclerotic plaque 
around arteries. It has been well described in the 
literature that high levels of INF-gamma, a 
T-helper1 cytokine is one of the known inducers 
of M1 macrophage polarization in atherosclero-
sis [86]. During this pathology, macrophages 
ingest modified lipoproteins and secrete M1 pro- 
inflammatory mediators characterized as ‘lipid- 
rich macrophages’ or ‘foam cells’ contributing to 
lipid core buildup [87]. While it was originally 
thought that the build-up of macrophages 
involved classical M1 pro-inflammatory macro-
phages, in 2012 Oh et al. made the breakthrough 
discovery demonstrating that in fact these cells 
were M2-polarized [88]. For reasons still poorly 
understood, a transient shift in M1 macrophages 
towards M2 macrophages and even MNGC for-
mation is done prior to their change from an 
inflammatory state towards one that induces ecto-
pic mineralization of arteries. Current strategies 
in the cardiovascular field aim to in fact suppress 
M2 macrophage polarization to prevent calcifica-
tion of arteries, a highly dangerous scenario and 
potentially life-threatening [88]. While it is inter-
esting to point out how devastating this patho-
logical situation may be, our research group also 
questioned whether such a situation would be bad 
around bone grafting materials. In summary, it 
remains interesting to point out how under one 
clinical situation, MNGC-producing bone around 
arteries is considered highly pathological, 
whereas in the context around bone, biomaterials 
may potentially be greatly therapeutic. Below we 
highlight key experimental designs to further 
investigate their role around low-substitution 
bone grafts.
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15.9.1  Study Designs: Materials 
Related to Specific Procedures 
and Expected Outcomes—In 
Vitro Analysis

Perhaps the most well-performed study to date 
investigating the differences between macro-
phages, MNGCs, and osteoclasts was work con-
ducted by ten Harkel et al. [89]. In their study, it 
was clearly shown that MNGCs cannot resorb 
bone. Following the isolation of CD14+ cells, 
cells were seeded on bovine cortical bone in 
96-well plates to investigate the ability of each 
cell type to resorb bone. A cell concentration of 
1.5 × 105 cells per 0.32 cm2 (surface of one well) 
was utilized. The cells were cultured for 3 days 
with 25  ng/mL human recombinant M-CSF to 
produce macrophages. After 3 days, the concen-
tration of M-CSF was reduced to 10 ng/mL for 
both MNGCs and osteoclast cultures until the 
end of the culture period. To produce MNGCs, 
5 ng/mL human recombinant IL-4 and 5 ng/mL 
human recombinant IL-13 were added to the cul-
tures for the duration of experiments. For the 
generation of osteoclasts, 2 ng/mL mouse recom-
binant RANK-L was added. Thereafter, a series 
of experiments were conducted utilizing histo-
logical staining, immunohistochemistry, trans-
mission electron microscopy, confocal 
microscopy, and quantitative PCR. It was found 
that bone resorption occurred by osteoclasts but 
not macrophages or MNGCs (Fig. 15.8). While it 
was shown that MNGCs still formed actin rings 
similar to osteoclasts (Fig.  15.9), they did not 
form a ruffled border and neither were able to 
resorb bone. It was found that MNGCs dissolved 
parts of a biomimetic hydroxyapatite coating, 
very similar to what is observed clinically by sev-
eral reports that find that MNGCs appear to 
degrade a very small portion of bone grafts in 
humans years after implantation but not further 
(Figs. 15.10 and 15.11).

This research clearly showed that IL-4 (an 
M2-macrophage marker) could sufficiently pro-
duce MNGCs on the bone that was non- 

resorbable. Therefore, future experiments now 
seek to investigate how macrophages/MNGCs/
osteoclasts form and polarize on various bone 
grafting material surfaces. A series of three model 
sets of experiments have been proposed to 
achieve adequate testing to further evaluate bone 
grafts in vitro.

Summary Experimental Design 15.1 
(Fig. 15.12): Investigation of Macrophage 
Behavior on Various Bone Grafts Including 
the Release of Cytokines and Growth Factors
The first set of experiments aims to investigate 
macrophage polarization on various bone grafts 
when compared to tissue culture plastic (TCP). 
Furthermore, macrophages cultured on TCP with 
LPS and IFN-gamma should be used as a nega-
tive control (M1 pro-inflammatory macrophages) 
or with IL4 and IL13 as a positive control (M2 
tissue-healing macrophages). Thereafter macro-
phage polarization should be investigated via 
three methods including (1) surface marker rec-
ognition, (2) mRNA levels of various M1 and M2 
macrophage markers via real-time PCR, and (3) 
cytokine expression via ELISA. Furthermore, the 
influence of bone graft surfaces should be inves-
tigated on macrophage attachment, cell morphol-
ogy as well as fusion into MNGCs/osteoclasts 
over time as well as their ability to resorb the 
bone graft.

Proposed Summary of In Vitro Experimental 
Design: Part 1
 1. Cell adhesion via an MTS assay at 4 and 8 h 

and cell shape via F-actin staining at 4 and 8 h
 2. Cell numbers, shape, and multi-nucleated 

giant cell formation at 1, 3, and 7  days via 
F-actin staining

 3. Expression of antibodies for M1 macrophage 
polarization including B7 (CD80), B7.2 
(CD86), CCR7, CD64, and CCL22. 
Expression of antibody markers of M2 macro-
phage polarization including M2 macrophage 
 polarization including M130 (CD163), 
CD206, CD23, and CD36 at 3 and 7 days post 
seeding according to Table 15.2.
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Fig. 15.8 Bone resorption by osteoclasts and FBGCs. 
After 25 days, cells were stained with Richardson’s stain-
ing solution (a–e), and resorption pits were visualized 
(c–f) and quantified (g) using coomassie brilliant blue 
(CBB). Osteoclasts created resorption pits (Howship’s 
lacunae) (a; black arrow) and formed a ruffled border 
(white arrow). No resorption pits nor ruffled borders were 
visible in the FBGC cultures (d, e). In the resorption pits, 
collagen fibrils were visible (b; black arrow). Numerous 

resorption pits were seen in the osteoclast culture (c; black 
arrow), but no signs of resorption were apparent in the 
FBGC cultures. Osteoclasts resorbed more than 20% of 
the bone surface (g). The percent bone resorption graph 
represents the mean area ± S.D. per 0.25 cm2 bone sur-
face. The scale bar is 10 μm for Panels (a), (b), (d), and 
(e). The scale bar is 100 μm for Panels (c) and (f). Red 
asterisk = bone. *p < 0.05, **p < 0.01. (Reprinted with 
permission from [89])
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Fig. 15.9 Confocal microscopy of osteoclasts and 
FBGCs. Plasma membrane (red: CD44 antibody), nuclei 
(blue: Hoechst nuclei staining), and actin rings (green: 
phalloidin staining of F-actin) were fluorescently labeled 
after 25 days of culture on bone. Both cell types contained 
numerous nuclei (a, b, e, f), actin rings (c, g; white arrow), 
and podosome belts (c, g; red arrow). Sagittal views of 

both cell types composed from the apical side (white 
asterisk) showed actin structures resembling sealing zones 
(i, k; white arrows). Sagittal views composed from the 
basolateral side (red asterisk) of the cells showed round 
structures composed of actin (j, i; white arrow, red arrow). 
Scale bar = 50 μm. (Reprinted with permission from [89])

 4. Expression of antibodies differentiating 
between osteoclasts and MNGCs (Table 15.3).

 5. Real-time PCR is employed for genes includ-
ing M1 macrophage polarization markers 
including TNF-alpha, IL-1beta, CCR7, IL-6, 
MMP2, MMP9, IFN-gamma, IL1-alpha, 
IL-12, and TLR4. M2 macrophage polariza-

tion markers will include CCL18, MDC, 
CD206, IL-10, CD36, Arg1, IL-4, and IL-1Ra 
at 3 and 7 days.

 6. ELISA protein quantification is furthermore 
performed for genes including TNF-alpha, 
IL-1Beta, IL-6, IL-12, MMP2, and MMP9 for 
M1 macrophage polarization. Furthermore, 
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a b

Fig. 15.10 (a) High magnification of a central part of a 
biopsy harvested from the anterior maxilla region of aug-
mented bone with DBBM. MNGCs are observed on the 
surface of two DBBM particles otherwise covered with 
bone (BO). (b) TRAP staining of the neighboring section 
to (a). Discretely red-colored granules within the cyto-

plasm of the MNGCs on the surface of the DBBM con-
firm them to be vaguely TRAP-positive. (a) and (b) panels 
were both stained with toluidine blue and basic fuchsin 
stains. The scale bar represent the same magnification in 
each panel. (Reprinted with permission from Jensen et al. 
2014)

a b

Fig. 15.11 (a) MNGCs observed on two DBBM parti-
cles facing periosteum after 29 months of healing. One of 
the MNGCs is located in a shallow concavity. (b) TRAP 
staining of the neighboring section to (a). No difference in 
TRAP staining intensity can be recognized between the 

MNGCs within this section compared with the ones in 
(b). BO = bone. (a) and (b) panels were both stained with 
toluidine blue and basic fuchsin stains. The scale bar rep-
resents the same magnification in each panel. (Reprinted 
with permission from Jensen et al. 2014)

IL-4, IL-10, CCL18, PDGF-BB, and 
 TGFbeta1 will be investigated for M2 macro-
phage polarization at 3 and 7  days 
post-seeding.

The aim of Part 1 is to determine what bone 
grafts induce MNGC formation and determine 
which bone grafts are non-resorbable as previ-
ously described by ten Harkel et al. [89].

Summary Experimental Design 15.2 
(Fig. 15.13): Effect of Released Cytokines 
from Macrophages on Osteoblast Cell 
Behavior
The first set of experiments aims to reveal the 
influence of the bone graft’s surface topography/
chemistry/composition on macrophage polariza-
tion and MNGC/osteoclast formation when com-

pared to tissue culture plastic (TCP). Thereafter, 
macrophage-conditioned media (MCM) includ-
ing all the cytokines released from macrophages 
will then be collected after 3 days and applied to 
human osteoblasts seeded on their corresponding 
bone grafts and investigated for cell wound- 
healing and tissue regrowth on various bone 
grafts. The experimental design will be investi-
gated as follows.

Proposed Summary of In Vitro Experimental 
Design: Part 2
 1. Effect of MCM on osteoblast attachment and 

cell shape at 4 and 8 h
 2. Effect of MCM on osteoblast cell prolifera-

tion at 1, 3, and 7 days
 3. Effect of MCM on osteoblast gene expression 

of collagen 1, fibronectin, vinculin, RUNX2, 
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Fig. 15.12 In vitro Model 1. Investigation of how macro-
phages interact with various bone grafting materials and 
their potential fusion towards osteoclasts and MNGCs

Fig. 15.13 In vitro Model 2: Investigation of culture 
media (CM) collected from macrophages/osteoclasts/
MNGCs and their effect on bone-forming osteoblasts. 
This experimental design explores how released cytokines 
and growth factors from immune cells affect the bone for-
mation of bone grafting materials

Fig. 15.14 In vitro Model 3: Investigation of how 
immune cells (macrophages) interact directly with bone- 
forming osteoblasts in a culture system with bone grafting 
materials. The ratio of macrophages and osteoblasts 
should be studied in a 1:6 ratio, proportional to what is 
found in the human body

osteocalcin, and bone sialoprotein via real- 
time PCR at 3 and 14 days.

 4. Effect of MCM on collagen 1 deposition, 
alkaline phosphatase, and alizarin red staining 
on bone grafts at 7 and 14 days

Summary Experimental Design 15.3 
(Fig. 15.14): Investigation of Osteoblast 
Behavior on Various Bone Grafts Co-cultured 
with Macrophages in a 6:1 Ratio (Human 
Ratio)
This set of experiments will culture macrophages 
directly with osteoblasts in a co-culture system in 
a 1:6 ratio as previously described [90]. Similar 
protocols from Experimental Designs 15.1 and 
15.2 will be adapted accordingly.

The aim of model 3 is to determine if cell-cell 
contacts between macrophages and osteoblasts 
influence in  vitro differentiation of osteoblasts 
and mineral deposition.

15.10  Conclusion from In Vitro 
Experiments

The totality of these experiments will reveal the 
prominent effects of immune cells (macrophages) 
on osteoblast behavior and further contribute to 
our understanding of the biological events taking 
place on different non-resorbable materials ver-
sus resorbable materials.
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15.10.1  Study Designs: Materials-
Related Specific Procedures 
and Expected Outcomes—In 
Vivo Analysis and Clinical 
Findings

To date, investigation of the expression patterns 
and markers of large MNGCs around bone graft-
ing materials has been virtually omitted. The 
majority of tissue sections routinely analyzed for 
new bone formation are unfortunately embedded 
in hard sections (resin) complicating or even 
making impossible any potential immunohisto-
chemical analysis. For these reasons, paraffin 
embedding is critical to further understanding 
differences between macrophage polarization, 
osteoclasts, and MNGCs around particles. Thus 
far, several studies have located MNGCs around 
slow-degrading bone grafting materials.

Jensen et al. [13] investigated the degradation 
of DBBM in a minipig model with bilateral sinus 
floor elevation (SFE) and simultaneous implant 
placement [13]. The two sides were randomized 
to receive large or small particle-size 
DBBM.  Standard protocols investigating two 
time points (6 and 12 weeks) were utilized in five 
minipigs. ISQ values were recorded immediately 
after implant placement and at sacrifice. 
Qualitative histological differences were 
described and bone formation, DBBM degrada-
tion, bone-to-implant contact (BIC), and bone-to- 
DBBM contact (osteoconduction) were 
quantified histomorphometrically [13]. At 
6  weeks, it was observed that three DBBM (*) 
particles in an area with early fibrous ingrowth 
showed signs of pronounced particle resorption 
(Fig.  15.15a). By 12  weeks it was found that 
DBBM particles were well integrated into bone 
and mature bone marrow with multiple MNGCs 
situated on a flat surface or in shallow concavities 
(arrows, Fig. 15.15b), unlike in Fig. 15.15a [13]. 
This potentially highlights the impact and impor-
tance of MNGCs originating from soft tissues 
versus bone tissues.

In a similar study performed by the same 
group, light and transmission electron micros-

copy was utilized to visualize MNGCs around 
slow-degrading DBBM and BCP particles [22]. 
Six defects were prepared bilaterally in the man-
dibular body of three mini-pigs. The defects were 
randomly grafted with either DBBM or 
BCP.  After a healing period of 4  weeks, bone 
blocks were embedded in LR White resin. Three 
consecutive sections per defect were analyzed as 
follows: two with light microscopy using tolu-
idine blue and tartrate-resistant acid phosphatase 
(TRAP) staining and one with transmission elec-
tron microscopy. MNGCs (*) situated on a 
DBBM surface of a particle demonstrated a sur-
face beneath the MNGCs appearing unaffected or 
with only very shallow concavities (Fig. 15.16a, 
arrows). These cells stained positive for tartrate- 
resistant acid phosphatase (TRAP, Fig. 15.16b). 
TEM magnification of MNGC on DBBM reveals 
a sealing zone (SZ) and ruffled border (RB) 
(Fig. 15.16c, d) [22].

In one of the only human clinical studies 
investigating MNGCs around slow-degrading 
DBBM particles, Jensen et  al. investigated in a 
case series various biopsies harvested from bone 
samples found in the esthetic zone augmented 
with DBBM [21]. Figure 15.17 demonstrates the 
cross-section overview of the biopsy after 
74  months of healing [21]. In these samples, it 
was clearly observed that high magnification 
imaging of either the central part or DBBM par-
ticles facing the periosteum showed MNGCs 
around DBBM particles which were vaguely 
TRAP-positive, with little to no observable 
resorption of the bone grafting particles.

While it has since been concluded that 
MNGCs exist around certain classes of slow- 
degrading bone biomaterials and that their phe-
notype seems at least in part to be different from 
osteoclasts, little attempt has been made to fur-
ther characterize them more accordingly using 
molecular and genetic means. In a recent review 
article titled: “Giant Cells around Bone 
Biomaterials: Osteoclasts or Multi-Nucleated 
Giant Cells?”, our group characterized the mark-
ers that specifically differentiate between osteo-
blasts and MNGCs [91]. In this study, a specific 
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a b

Fig. 15.15 Degradation of DBBM. (a) 6 weeks. Three 
DBBM (*) particles in an area with early fibrous ingrowth. 
One is covered with newly formed woven bone (WB), 
with what appears to be an intact particle surface (arrows). 
The two others, however, are captured in a cell-rich soft 
tissue, showing signs of pronounced resorption through 
multiple multinucleated osteoclast-like cells (OC). (b) 

12  weeks. DBBM (*) particles are well integrated into 
bone and mature bone marrow. Where the DBBM surface 
is exposed to the bone marrow, multiple multinucleated 
osteoclast-like cells (OC) are observed. However, they are 
situated on a flat surface or in shallow concavities 
(arrows), unlike in (a). (Reprinted with permission from 
[13])

subset of markers can be utilized to characterize 
the difference between MNGCs and osteoclasts 
(Table  15.3). Furthermore, since the precursor 
cells of MNGCs are thought to be macrophages, 
MNGCs can further be investigated for their 
ability to polarize towards M1-MNGCs versus 
M2-MNGCs [91]. This allows future character-
ization potential to determine whether MNGCs 
around certain classes of non-resorbable bone 
grafts are either in a pro-inflammatory state 

(M1-MNGC) or tissue-resolving (M2-MNGC) 
state and may further aid in the future develop-
ment of non-resorbable bone substitute materi-
als. Figure  15.18 demonstrates one of the first 
documented cases whereby a large multi-nucle-
ated cell around a bone biomaterial may be char-
acterized as an MNGC and not an osteoclast 
based on its expression of CD86 and HLA-DR, 
both markers for MNGCs and non-expressed in 
osteoclasts [91].
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Fig. 15.16 (a) Multinucleated giant cells (MNGCs) (*) 
situated on a deproteinized bovine bone mineral (DBBM) 
surface of a particle placed inside the bone defect. The 
surface beneath the MNGCs appears unaffected or with 
only very shallow concavities (arrows). (b) A neighboring 
section demonstrates the multinucleated giant cells (*) on 
the surface of DBBM staining positive for tartrate- 

resistant acid phosphatase. However, the staining varies in 
intensity. (c) TEM magnification of MNGC on DBBM 
containing two nuclei. A sealing zone (SZ) and ruffled 
border (RB) are observed. (d) Higher magnification of the 
sealing zone (SZ) and ruffled border (RB). (Reprinted 
with permission from [22])
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Fig. 15.17 Clinical 
pictures from harvesting 
of a biopsy (a) and the 
retrieved specimen (b). 
(c) Cross-section 
overview of biopsy after 
74 months of healing. 
The convex side 
represents the central 
part of the biopsy, 
whereas the straight side 
faced the periosteum. 
Panel (c) was stained 
with toluidine blue and 
basic fuchsin stains. 
(Reprinted with 
permission from Jensen 
et al. 2014)

Fig. 15.18 Evidence of 
MNGC highly 
expressing CD86 and 
HLA-DR around a 
synthetic bone grafting 
material. Both CD86 
and HLA-DR are 
exclusively expressed in 
MNGCs and are not 
expressed in osteoclasts. 
These cells also express 
TRAP (scale 
bar = 50 μm). (Reprinted 
with permission from 
[91])

15.11  Expert Opinion

The comparison of slowly resorbable versus 
resorbable materials is certainly still in its 
infancy. About a decade ago, macrophage pheno-
typing around bone biomaterials was typically 
carried out using cell surface markers CD11b, 
CD68, macrophage antigen-2, and F4/80. More 
recently, an array of research has shown the 
marked impact of macrophages and their ability 

to either polarize into tissue-inflammatory M1 
macrophages or tissue-resolving M2  macrophages 
or to further fuse into osteoclasts or MGNCs [58, 
92–94]. As a result, gene expression profiles will 
surely be an avenue of future research to further 
investigate macrophage behavior in response to 
various bone biomaterials. Despite the presented 
summary of experimental designs to further 
advance the field, it remains clear that future 
studies to further investigate potential genes/tar-
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gets that may be responsible for MNGC versus 
osteoclast formation remain necessary. These 
findings may further lead to reasons to explain 
why certain bone grafts are simply non- resorbable 
or minimally resorbed.

It may also be considered that specifically for 
bone biomaterials, the complexity to analyze tis-
sue sections is exponentially more difficult since 
the majority of sections (whether old or new) 
were routinely embedded in resins, as opposed to 
paraffin. Therefore, immunohistochemistry is 
difficult (or even impossible) and new animal 
samples are therefore required as a result. Further 
complicating the situation is the fact that within 
the last decade, a major apparent difference has 
been reported with respect to the immune system 
between various animal species [95, 96]. This 
resulted in major difficulties in interpreting data 
generated in various animal models including 

rodents, canines, and minipigs when compared to 
humans. It remains therefore essential to better 
implement better protocols to investigate cells 
surrounding slowly resorbable materials utilizing 
new molecular strategies to better characterize 
them as opposed to only utilizing structural anal-
ysis. This has been a major focus of this book 
chapter and Tables 15.2 and 15.3 should aid the 
future study of non-resorbable materials to more 
accurately characterize macrophages, osteo-
clasts, and MNGCs around these special bone 
grafts. Future research by our group has already 
begun investigating various specific markers as 
highlighted in Table 15.4 either associated with 
osteoclasts or MNGCs. The future understanding 
of how monocytes and macrophages polarize and 
become non-resorbing giant cells remains com-
pletely unstudied with many open questions 
remaining.

Table 15.4 Advanced characterization of MNGCs around various non-resorbable bone grafting materials

OC MNGCs M1φ M2φ DBBM_1 DBBM_2 DBBM_3 BCP_1 BCP_2 BCP_3
TRAP ++ + ++ ++ ++ ++ ++ ++
CT-R ++ − +/− +/− − +/− + +/−
RANK ++ − ++ + +/− + ++ +/−
CTSK ++ +/− ++ ++ +/− + ++ +
MMP9 ++ + + + ++ +/− − +/− +/− +
CD86 ++ ++ ++ + + ++ + +/− ++ +/−
CD98 + ++ ++ ++ + +/− ++ +
HLA-DR − ++ + + ++ + ++ +/− ++ +
B7-H1 ++ ++ ++ + + + +
EMR1 (F4/80) +/− + + + +/− − ++ +/−
CD68 + ++ ++ ++ ++ ++ ++ ++
CD13 + + ++ +/− +/− +/− + −
CD80 ++ +/− ++ + +/− + ++ +/−
CD197 − ++ − + − + +/− +/− +
CXCL10 + +/− +/− − − − −
CD64 ++ ++ +/− +/− +/− ++ +
CCL22 + + + +/− − +/− ++ +
CD163 ++ ++ ++ +/− +/− + +
CD206 − + +/− ++ + + +/− +/− + −
CD36 − + + + +/− + − + +
IL-1ra +/− + +/− + − + + +
SOCS1 + + +/− + − +/− + +/−
CD23 + +/− + − − − +/−

Various surface markers (left column) were utilized to investigate the surface marker expression of either osteoclasts 
(OC), multi-nucleated giant cells (MNGCs), or M1 and M2 macrophages. Three bone biopsies of either DBBM or BCP 
were utilized and expression patterns were identified in their according table columns
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Substitute Materials

Patrick Rider, Željka Perić Kačarević, 
Imke A. K. Fiedler, Said Alkildani, Björn Busse, 
and Mike Barbeck

16.1  Introduction

Bone is a dynamic tissue that is constantly being 
remodeled [1]. Our entire skeleton is renewed 
every 5–10 years. The old bone is resorbed by the 
action of osteoclasts, whilst new bone is laid 
down by osteoblasts [2]. This is a responsive pro-
cess, whereby bone is able to shift the balance 
between osteoblastic and osteoclastic activity 
according to external stimuli [2].

Bone is a metabolically active tissue, contain-
ing several cell types in a unique extracellular 

matrix. A distinctive feature of the extracellular 
matrix of bone is its composite nature, as it is 
made of a network of collagen fibers reinforced 
with a mineral phase, i.e., calcium phosphate 
(CaP) crystals. The mineral phase, composed of 
hydroxyapatite (HA) represents approximately 
65% of the weight of bone tissue [3]. However, 
the properties of bone are not explained simply 
by its composition, but also by its complex 
structure.

Bone tissue defects can occur as a conse-
quence of trauma or disease. When there is sig-
nificant bone loss, the remodeling process may 
be unable to restore the integrity of the bone [4]. 
For instances where bone loss has reached a criti-
cal size, an intervention in the regeneration pro-
cess is required. Biomaterials are used to replace 
lost bone and aid restoration by promoting tissue 
integration and regeneration.

Biomaterials are resorbable or non-resorbable 
materials that can be safely implanted into the 
human body. Once implanted, they invoke a tis-
sue response similar to that caused by an injury. 
Resorbable bone grafts are used to support and 
repair bony defects by filling in voids and enhanc-
ing bone repair functions [5]. Autograft, allograft, 
xenograft, and alloplastic materials have all been 
used in the field of oral surgery to provide these 
functions, however, the ideal bone graft material 
has not yet been found and investigations con-
tinue to study these materials in an in  vivo 
setting.
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Autografts are the gold standard in the regen-
eration of bone tissue; however, due to donor site 
morbidity, low quality of geriatric/pathological 
sources, or the need for two invasive surgeries, 
alternative bone grafting scaffolds are needed. An 
idealized scaffold should be replaced by the host 
bone tissue through osteoinductive and osteocon-
ductive material properties [6–8]. The main types 
of degradable bone graft materials are natural 
polymers, synthetic polymers, and bioceramics.

An idealized bone tissue scaffold must fulfill 
specific criteria: be biocompatible, match the 
physical properties of the bone tissue to be 
replaced, not elicit a chronic immune response, 
and fully integrate with the bone [9]. The tissue 
response to biomaterials includes a long remod-
eling phase due to the persistence of pro- 
inflammatory cells, such as macrophages. The 
interaction of osteogenic cells with the implant 
material can be influenced by aspects such as 
porosity, pore size, scaffold interconnectivity, 
and mechanical strength [10].

The development of different radiographical 
techniques and ultrasonography has provided a 
viable method for imaging bone graft materials 
in situ and observing the regeneration process. 
This chapter will discuss each of these techniques 
and their application to monitoring the healing 
process of different bone graft materials used in 
dentistry.

16.2  Radiography

Radiography is an important diagnostic tool used 
in dentistry that alongside clinical examination, 
which enables the dental practitioner to assess 
the bone and its surrounding structures. It can 
also be used to monitor the healing of bone grafts 
by providing information such as increases in 
mineral opacity, bridging of the margins, and the 
confluence of segments [11].

Bone formation and density can be assessed as 
the penetration of radiation, which depends upon 
the thickness and density of tissue or material. It 
is possible to determine densities by way of a 
comparison to an object with a known density. 
Radiographic absorptiometry is performed using 

a standardized radiograph with an aluminum step 
wedge that has defined optical densities. Using a 
visual overlay, densities are measured as alumi-
num equivalent values or as arbitrary units [12, 
13]. However, the technique is unable to provide 
a true representation of bone density due to over-
lying soft tissues that will contribute to the 
recorded optical density.

Radiopacity over time is useful for assessing 
the absorption of material into the surrounding 
bone. When the materials are highly radiopaque, 
their resorption can be more easily monitored 
[14]. It has been shown that commonly used 
bovine bone grafts, as well as synthetic hydroxy-
apatite and β-TCP materials, generally have a 
higher optical density than that of cortical bone 
[15]. Although the technique is low cost and pro-
duces a low radiation dosage [16], problems 
include; overlying soft tissue obscuring the 
region of interest, fluctuations in beam quality 
affecting image quality, instability of X-ray 
source, film response, processing conditions, 
radiation scattering, and beam hardening effects 
[15].

16.2.1  Rotational Panoramic 
Radiography (OPG/OPT/
PAN/ DPR)

Panoramic radiography, otherwise known as 
orthopantomography (OPG), is an extraoral tech-
nique that provides a panoramic image of the 
lower face, teeth, jaw joints, and maxillary 
sinuses. The produced radiograph displays the 
teeth in a long flat line that is useful to demon-
strate the number of teeth as well as their posi-
tion, and growth. It is particularly useful to assess 
the integration of bone grafts with the surround-
ing bone. Figure 16.1 demonstrates OPG radio-
graphic images showing the resorption of 
particulate xenograft over a 1-year period. The 
low dosage of radiation required to perform this 
technique, along with the large amount of infor-
mation it provides, make it a very popular tech-
nique in dentistry [16]. However, the technique 
does have its limitations. The OPG scans distort 
the horizontal plane whilst magnifying the verti-
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Fig. 16.1 Abscess around endodontically treated pre-molar, treated with a granular xenograft (Cerabone). OPG scan 
taken; (a) before the operation, (b) 2 weeks post-surgery, (c) 1-year post-surgery

cal plane. This prevents the establishment of true 
relationships between individual structures. The 
accuracy of the technique is also largely based on 
the skill of the operator. As it is a 2D image, it is 
difficult to assess the availability of the bone 
width, and the presence of soft tissue shadowing 
and ghost images can interfere with the interpre-
tation of images [16].

OPGs can be used to record bone graft resorp-
tion of ridge augmentations by measuring the 
bone graft height over different treatment time 
points. Using OPG in a study comparing two dif-
ferent xenogeneic bone grafts that had different 
particle sizes (Bio-Oss with an average 1  mm 
diameter compared to Cerabone with an average 
2.7  mm diameter), it was found that the larger 
particle sizes had a lower volumetric loss in rela-
tion to the height of the ridge over a 4-year period 
(33.4 ± 3.1% compared to 23.4 ± 3.6%) [17].

To determine the accuracy of OPG panoramic 
X-rays to reality, OPG scans were compared to 
(cone-beam computer tomography) CBCT scans 
[18]. Measurements were made and compared 
along the horizontal and vertical axis. It was 
shown that in the pre-molar and molar regions of 
the mouth the measurements were quite similar. 
However, in the frontal areas of the mouth, the 
varying inclination of the teeth and their position-
ing (e.g., rotation) meant that measurements of 
the teeth made with the OPG scans were shorter 
and thinner than those made using CBCT data.

16.2.2  Computer Tomography (CT)

Clinical computed tomography (CT) is employed 
in vast medical applications, ranging from trau-
matology to pneumology. A great advantage of 
this technique is rapid image acquisition facilitat-
ing a quick diagnosis (e.g., a total body scan can 
be acquired within less than a minute, depending 
on the resolution). While the patient is linearly 
moved through the CT unit via a motorized table, 
an X-ray source-detector assembly rotates around 
the patient. Set-ups utilizing this simultaneous 
movement of source-detector assembly and 
patient are termed spiral/helical CTs, which are 
nowadays the most often used CT systems in 
clinics.

Image reconstruction is, depending on detec-
tor size and manufacturer, done by filtered back- 
projection or iterative algorithms. With respect to 
resorbable bone substitutes, this CT technique is 
most commonly applied in orthopedics and 
trauma surgery. Surgery planning as well as the 
evaluation of operational success are commonly 
performed using CT imaging with sub-millimeter 
resolutions. To display in detail the location and 
interaction between bone and bone substitutes, a 
resolution of less than 200  μm is needed. 
Achieving this resolution requires the use of 
advanced imaging techniques, such as High- 
resolution peripheral quantitative CT 
(HR-pQCT).
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16.2.2.1  High-Resolution Peripheral 
Quantitative CT (HR-pQCT)

High-resolution peripheral quantitative com-
puted tomography facilitates in vivo imaging of 
the extremities of patients down to a spatial reso-
lution of 58 μm at 68 kVp and 100  W using a 
cone beam. This enables physicians to image the 
bone microstructure of patients at the trabecular 
level with high precision to provide information 
on bone mineral density. Typical parameters used 
for bone quality and structure appraisal using 
HR-pQCT are bone volume per total volume 
(BV/TV), cortical thickness (Ct.Th), cortical 
porosity (Ct.Po), trabecular thickness (Tb.Th), 
trabecular number (Tb.N), and trabecular separa-
tion (Tb.Sp). In contrast to standard clinical (heli-
cal) CT imaging, the X-ray source in HR-pQCT 
rotates around extremities which are in a fixed 
position.

It is possible to use this technique for ex vivo 
imaging of bone substitutes, implant mounting, 
and cements, with high-precision scan volumes 
of up to 17 cm in diameter. Quantification of min-
eral density, resorption as well as the volume of 
different elements is feasible. An example is the 
spatial integration of cement into a material, a 
process that is dependent on the viscosity of the 
cement. Volumetric integration of the cement can 
be determined using HR-pQCT, as depicted in 
Fig. 16.2.

16.2.2.2  Micro-CT and Nano-CT
Three-dimensional (3D) imaging of bone tissue, 
bone substitutes, and the integration of biomate-
rials can be achieved from micro- to nanoscale 
using several X-ray-based techniques including 
micro-CT (μCT), nano-CT, and X-ray micros-
copy (XRM).

Micro-computed tomography is the most 
commonly applied imaging technique to acquire 
3D information about internal architectural and 
structural properties of ex vivo bone biopsies and 
scaffolds of substitute materials [19, 20]. In con-
trast to clinical CT scanners, both micro- and 
nano-CT as well as XRM systems generate two- 
dimensional (2D) projections from different 
angles that are required for 3D reconstruction 
through a fine-tuned rotating sample stage posi-

tioned between the X-ray source and a detector 
arranged at a fixed distance.

After reconstruction of the images, 2D and 3D 
parameters are gained from micro-/nano-CT and 
XRM image stacks through the assessment of 
differences in image contrast, i.e., gray values. 
Based on thresholding procedures during post- 
processing, as illustrated in Fig. 16.3, materials 
with similar attenuation coefficients can be iden-
tified and their morphology and internal architec-
ture displayed [21].

In μCT, voxel sizes of less than 30  μm are 
commonly applied to investigate the internal 
morphology of biomaterials, whereby scanning 
at smaller voxel sizes requires longer acquisition 
times and introduces higher radiation doses, 
which can be harmful to biological materials 
[22]. To resolve trabecular features on bone, 
5–20 μm are commonly used [19]. Typical acqui-
sition parameters for mineralized tissues are in 
the range of 50–100 kV X-ray voltage and 100–
300 μA X-ray tube current, whereby samples can 
be measured while immersed in a fluid (e.g., fixa-
tive or saline solutions). Typical parameters 
indicative for bone quality and architecture 
assessed in bone specimens using μCT are bone 

Fig. 16.2 HR-pQCT image of a cemented implant within 
a trabecular bone structure. The implant-surrounding 
cement is displayed in bright pixels and its integration can 
be quantified
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Fig. 16.3 Virtual cut through a 3D reconstruction of coral biomaterial showing internal trabecular-like structures. The 
inset displays the image threshold corresponding to the red-colored plane in the overview image (scale bar: 100 μm)

volume per total volume (BV/TV), cortical thick-
ness (Ct.Th.), trabecular thickness (Tb.Th), and 
porosity (Po) [23, 24]. As displayed in Fig. 16.4, 
in reconstructed images from porous biomaterial 
scaffolds or grafts, dark pixels usually corre-
spond to non-mineralized voids (e.g., channels 
filled with liquid or soft tissue), gray pixels to 
native mineralized tissue, and bright regions usu-
ally too highly mineralized materials, e.g., grafts 
based on hydroxyapatite. In this context, the ratio 
of biomaterial volume per bone volume can be 
gained from ex  vivo scanning of bone biopsies 
after implantation of mineral-based biomaterial 
scaffolds to assess their integration into the host 
tissue.

Due to smaller X-ray focus spot sizes in nano-
 CT and XRM compared to μCT systems, these 
imaging techniques can display features at 
smaller length scales than classical μCT systems 
[19]. As the voxel size decreases and the spatial 
resolution increases, the field of view, i.e., the 
size of the observable volume, is generally 
decreased. Consequently, small specimens such 
as tissue biopsies are required for imaging at the 
micro-scale, while much smaller volumes of 
below 1 mm3 are usually required for imaging of 
biomaterials at the nanoscale, where voxel sizes 
can reach <100  nm in advanced commercial 

desktop nano-CT systems and XRM systems 
[25]. In tomographic applications at the 
nanoscale, image results are increased when 
specimens are dried and glued to a sample holder. 
In the scope of advanced synchrotron X-ray radi-
ation techniques, nano-CT imaging can reach 
down to 20  nm voxel size, which enables the 
depiction of tissue heterogeneity, integrity, and 
porosity of materials far beyond the resolution 
capabilities of desktop systems [19].

16.2.2.3  Synchrotron Radiation 
Micro-computed 
Tomography (SR μCT)

Synchrotron radiation micro-computed tomogra-
phy (SR μCT) provides a highly detailed 3D 
image of ex vivo samples, far superior to those 
attainable via standard μCT.  A synchrotron 
source creates a high-flux, high-intensity, and 
monochromatic X-ray beam, enabling the cap-
ture of quantitative high-resolution 3D images 
with a high signal-to-noise ratio. Samples are 
placed on a high-precision sample stage that 
rotates the sample perpendicular to the beam 
[26]. The mechanical stability of the rotation, the 
quality of the scintillator material, and the num-
ber of recorded angular projections all contribute 
to the quality of the final high-precision image.

16 Imaging of Resorbable Bone Substitute Materials



326

Fig. 16.4 Recon-
structed μCT image of 
sinus biopsy showing 
trabecular bone 
structures (gray), soft 
tissue, and liquid (black) 
as well as biomaterial 
integrated into the host 
tissue (white) at 10 μm 
voxel size

A voxel size of 300  nm is achievable [27], 
which enables unprecedented three-dimensional 
imaging of the bone lacunar network as well as 
the extracellular matrix [27, 28]. Most research 
has so far concentrated on the tissue structure 
itself, however, the potential for the technique to 
be used for monitoring bone graft integration has 
been demonstrated by its use to monitor degrad-
able magnesium dental devices and their replace-
ment by bone [29–31], as demonstrated in 
Fig. 16.5.

16.2.2.4  Cone-Beam Computed 
Tomography (CBCT)

Cone-beam computed tomography (CBCT) is an 
alternative to CT that uses a lower radiation dos-

age whilst providing a high spatial resolution of 
bone and teeth and is commonly performed in the 
dental clinic. Although it uses a lower radiation 
exposure, CBCT provides an improved resolu-
tion in comparison to conventional CT as well as 
offers multiplanar reformatting of both 2D and 
3D images in any plane. Another benefit of CBCT 
over CT is that it does not require a mechanism to 
move the patient during the scan in order to 
obtain a 3D image.

Cone-beam computed tomography (CBCT) 
has been commercially available since the year 
2000 [16]. Ionizing radiation is projected and 
collected onto a rotating 2D plate that accumu-
lates multiple sequential acquisitions [32]. A 
round or rectangular cone-shaped X-ray beam 
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Fig. 16.5 Synchrotron μCT imaging of degrading Mg-alloy dental fixation pins. (Adapted from Jung et  al. [29]. 
Creative Commons Attribution (CC BY) license). red color = etallic magnesium (Mg), blue color = corroded Mg, green 
color = intermetallic phases, yellow color = highly absorbing layer

with either an image intensifier or a flat panel 
detector is used for volumetric image acquisition 
[16].

3D images are reconstructed with software 
using a modified version of the cone-beam algo-
rithm, developed by Aboudara et  al. [11]. The 
software then enables the clinician to format the 
data in any plane; provides multiple views: stan-
dard axial, coronal, sagittal, and panoramic, as 
well as cross-sectional cuts of varying thickness 
(as demonstrated in Fig. 16.6); and can calculate 
3D volumes from rendered images. Due to the 
creation of complete 3D structures, the clinician 
can perform accurate measurements within spe-
cialized software, such as linear and angular 
measurements of bony morphologies. 

Morphological analysis of CBCT scans provides 
the spatial relationships between neighboring 
structures enabling the evaluation of growth, 
development, and function.

However, the imaging technique has its limita-
tions, these include the cost of the equipment and 
a lack of training in the interpretation of the 
images. As with all radiographic techniques, a 
compromise must be made between patient radi-
ation dosage and the detail of the CBCT dataset. 
Acquisition time affects the resolution of the 
image such as the voxel size, noise defects, and 
definition of the tissue structures. Fast acquisition 
times will reduce the radiation dosage as well as 
limit the risk of motion artifacts from occurring, 
as any slight movement can render an image 
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Fig. 16.6 CBCT scan 
showing a severe defect 
of the right mandible

unusable for diagnostics. However, with a 
reduced acquisition time the level of detail is 
reduced, voxel size increases (reducing the defi-
nition), and there will be a greater interference 
from radiodense restorations.

One of the benefits of CBCT is the ability to 
justify multiple scans due to the low risks associ-
ated with modern CBCT scanners. A low radia-
tion dose during CBCT scans with an extended 
field of view (FOV) scan ranges between 82 and 
182.1 μSv for a Classic i-CAT scanner, however, 
this can still vary significantly between the device 
and is still several times higher than that used 
during panoramic scans, which range between 
6.3 and 13.3 μSv [33]. Nevertheless, the radiation 
dosage is similar to that of traditional non-digital 
radiography and is significantly lower than that 
of a standard CT, which ranges between 569 and 
1073 μSv [16, 33, 34].

CBCT scanners are categorized into large, 
medium, and limited volume units depending on 
the FOV, which determines the volume of the 
scan. The FOV can be adjusted according to the 
region of interest. Smaller scan volumes have a 
higher resolution due to reduced scatter and 
decrease radiation exposure to the patient. CBCT 
scans with a small FOV can give a radiation dos-
age between 11 and 674 μSv, compared to a large 
FOV that can give an exposure between 30 and 
1073 μSv [35].

The lower radiation exposure in comparison 
to CT means that there is a lower resolution of the 
soft tissues. However, CBCT can offer more 
favorable resolutions of the hard tissues than that 
achievable with multi-slice CT machines. A reso-
lution between 0.1 and 0.2 mm2 can be obtained 
with a CBCT machine, in comparison to a resolu-
tion between 0.35 and 0.5 mm2 with multi-slice 
CT machines [16].

By obtaining radiographic information at dif-
ferent time points, it is possible to compare the 
biomaterial’s response in vivo over time. HU val-
ues obtained from CT scans, are commonly used 
by clinicians for determining bone quality and 
can be used to monitor changes in bone graft den-
sity. Although both CT and CBCT produce gray-
scale images, the method by which they are 
obtained differs. Therefore, the HU units calcu-
lated using CT grayscales are not necessarily 
reproduced using CBCT datasets.

Shokri et al. compared two CBCT systems for 
their ability to determine HU in comparison to 
those calculated using multidetector computed 
tomography (MDCT), which is the gold standard 
[34]. The CBCT systems used were the Cranex 
3D (Sordex, Finland) and the Newtom 3G (QR 
srl., Italy). These were compared to the MDCT 
system Somatom Spirit System (Siemens, 
Germany). As the gray scaling produced by 
CBCT machines is influenced by the FOV, both 
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large and small FOVs were used when acquiring 
CBCT datasets. Each machine was used to scan 
three different bone graft materials: NanoBone® 
(Artoss GmbH, Germany), CenoBone® (Tissue 
Regeneration Corporation, Iran), and cerabone® 
(botiss biomaterials GmbH, Germany). The 
MDCT-derived HU units for the bone graft mate-
rials from the lowest to the highest were: 
NanoBone® (578–610), CenoBone® (876–928) 
and cerabone® (1374–1882). For each CBCT 
machine, the recorded HU unit was dependent 
upon the FOV used, with smaller FOVs produc-
ing a lower HU value than the larger FOV. The 
Cranex 3D CBCT scanner gave HU values simi-
lar to that of the MDCT machine when using a 
small FOV, however, the obtained HU values for 
cerabone® were not statistically different from 
the MDCT values for both small and large FOVs.

Another way for comparing the CBCT dataset 
is to perform image registration. Registration of 
CBCT datasets is the process of aligning two or 
more datasets for their direct comparison. The 
datasets can be rotated, translated, and scaled 
until pairs of identifying landmarks are aligned. 
Using CBCT datasets there are two main meth-
ods for image superimposition: surface-based 
and voxel-based. Surface-based superimposition 
requires a 3D model to be rendered before super-
imposition. However, the process of rendering 
the 3D model can create errors in the model, such 
as partial volume averaging and under-sampling, 
and has the potential for small details and sharp 
edges to be rendered smooth or completely lost 
[36]. Voxel-based superimposition is a much 
more accurate method for superimposition, 
although requires a large amount of computa-
tional power. The superimposed datasets can then 
be evaluated by being turned into color maps for 
visual assessment, or by digital subtraction.

Volumetric measurements calculated using 
CBCT are influenced by the resolution of the 
images, as it is the gray scaling of the rendered 
voxels that provide the definition of the individ-
ual tissues. Therefore, fewer voxels due to lower 
resolutions will affect the measured volumes. 
Some investigators have reported a risk of over-
estimating graft volumes when using CBCT in 
comparison to high-resolution images produced 
via μCT [37].

16.2.3  Scanning Electron Microscopy 
(SEM)

An electron-based imaging technique commonly 
used to assess the morphology of biomaterials 
and their tissue integration is electron micros-
copy (EM). The electron beam interacts with the 
surface of the specimen, which leads to the emis-
sion of several particles including secondary 
electrons (SE) and backscattered electrons 
(BSE). While SE is emitted from close to the sur-
face, BSE is generated at higher depths of the 
specimen.

Imaging in SE mode is one of the most estab-
lished techniques for the visualization of topo-
graphical and structural information at the 
micro- and sub-microscale of mineralized tissues 
and biomaterials [38]. It is thus particularly suit-
able to image the surface morphology of both 
unseeded biomaterials and grafts in their granular 
form [39], and of the osseous cellular integration 
and adhesion on seeded biomaterials in the scope 
of in vitro experiments [40]. A typical image of a 
seeded biomaterial is depicted in the first picture 
of Fig. 16.7, where the topography and morphol-
ogy of the material and adhering cells can be ana-
lyzed. Commonly used magnifications of up to 
50,000 times, enables the visualization of grain 
boundaries and interfaces. Cellular components 
with the typical depth of field provided by SEM 
are also visible, providing a 3D impression of 
their morphological features.

Imaging in BSE mode, also referred to as 
backscattered electron imaging (BEI), detects 
high-energy electrons and is the state-of-the-art 
technique to perform analytical EM in 2D as it 
allows to display differences in the composition 
of specimens. Hereby, differences in electron 
mass of the specimens’ constituents are leading 
to differences in contrast of the resulting image 
plane and allow to display the integration of bio-
materials into host tissue [41]. As shown in a 
BSE image of a biopsy that was embedded in 
plastic and ground coplanar as shown in the 
 second picture of Fig. 16.7, the integration of bio-
materials can be examined in situ and displayed 
in 2D. In the resulting BSE images, bright regions 
correspond to the biomaterial and darker regions 
correspond to bony tissue. With regard to quanti-
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Fig. 16.7 (First picture) Secondary electron image of 
cement-based biomaterial in  vitro, showing topography 
and morphology of material and seeded cells. (Second 
picture) Backscattered electron image of a biopsy embed-

ded in plastic and ground coplanar, displaying the incor-
poration of cement-based biomaterial (bright pixels) into 
native bone tissue (gray pixels)

fying the degree of calcification of biomaterials, 
established calibration procedures are commonly 
employed to determine parameters such as cal-
cium weight percentage and the heterogeneity of 
the mineral distribution in 2D [42, 43].

In combination with a detector for energy- 
dispersive X-ray spectroscopy (EDX, EDAX, or 
EDS), additional spectroscopic information can 
be gained from the specimen surface during EM 
(e.g., the presence of strontium or other trace ele-
ments), thus facilitating the site-matched, multi-
modal investigation of osseous cell interaction 
and integration into graft materials [44, 45].

One commonly occurring issue in EM of bio-
materials with low electron density (e.g., colla-
gen foams, polymer membranes, hydroxyapatite 
scaffolds) is the effect of charging built up. Low 
electron beam voltages of less than 10  kV are 
commonly used in EM imaging of biological 
materials but can lead to a negative charge on the 
specimen surface. This in turn provokes artifacts 
in the detected image. To overcome this issue, 
dried specimens are commonly sputter-coated 
with conductive material (e.g., gold, gold- 
palladium, or carbon) in thin layers of around 
10 nm thickness. In order to maintain the cellular 
features of non-embedded explants or biopsies, 
critical point-drying is often performed prior to 
coating [46]. In more recent EM systems, imag-
ing can be performed at low vacuum, thus reduc-

ing charging effects, however at the cost of 
resolution.

16.3  Ultrasonography

The application of ultrasound to diagnostic medi-
cine has continued to grow through its develop-
ment. Unlike the radiological and computed 
tomographic techniques, ultrasonography does 
not use ionizing radiation and therefore is not 
limited by the number of times that a patient can 
be examined using the technique. It is also a low- 
cost technique in comparison to the other imag-
ing techniques and is therefore widely available. 
It is also more portable and has been tested for 
wearable devices that monitor healing progress 
over a sustained period of time [47].

Modern ultrasound units can be used to moni-
tor the healing process. They can produce 3D 
images in real-time and visualize moving struc-
tures. Ultrasonography can be performed rou-
tinely to measure the rate of flow in blood vessels 
and tissue [48] as well as provide an assessment 
of bone graft quality (mechanical suitability) 
[49]. However, the immediate visualization of 
implanted grafts can be an issue due to the 
 presence of air at the surgical site that causes arti-
facts in the acquired image [13]. Another issue is 
that the accuracy of mechanical and flow mea-
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surements will be affected by overlying soft 
tissues.

B-mode (brightness mode) imaging produces 
a cross-section of the desired tissue by displaying 
the boundaries between tissues and organs. 
Ultrasound waves are produced using a piezo-
electric transducer that emits short bursts or 
pulses when in contact with the skin. Unlike ion-
izing radiation, ultrasound waves require a 
medium from transmission, with the presence of 
air between the transducer and the skin having a 
detrimental effect on image acquisition.

Images are produced by emitting ultrasound 
waves via a transducer that are directed along 
narrow-shaped beam paths into the patient. Once 
the transducer has emitted a burst or pulse of 
ultrasound waves, the transducer turns into a 
receiver to collect reflected waves and display 
them on a computer screen. As the beam travels 
through the patient, it then gets reflected and 
scattered at the boundaries of tissues and by tis-
sue irregularities. The reflected waves (or echoes) 
travel back towards the transducer where they are 
recorded by a receiver.

Once the ultrasound waves have been emitted, 
they immediately begin to produce echoes as 
they pass through the tissue. Echoes that occur 
closer to the transducer return faster than those 
created at a greater depth. The delay between 
echoes made close to the transducer than those 
from further away enables an image to be formed. 
Each echo is represented as an individual point 
on an image, relative to its physiological position 
which is determined by the time difference 
between the ultrasound wave emission and 
receiving the echo. The brightness of each point 
relates to the strength of the echo, hence its name 
“brightness mode”.

Using the B-mode ultrasound it is possible to 
produce real-time imaging, a prospect not attain-
able via radiography or CT scans. Compared to 
CBCT, ultrasonography has been shown to have 
a high accuracy for determining the level of alve-
olar bone, demonstrating a slight difference 
amounting to 1.6–8.8% [50].

Ultrasonography can be used to detect the 
bridging of bone defects and fractures earlier 
than radiography and CT [13]. In a study com-

paring the healing of tibial tuberosity defects in 
dogs using two different scaffolds of either a 
gelatinous matrix (GM) or demineralized bone 
matrix (DBM), the use of B-mode ultrasound 
was able to detect bony union from an early stage 
of the healing process. In comparison to two 
other imaging modalities used; OPG radiographs 
and CT scans, the detection of a bony union was 
observed significantly earlier with the B-mode 
ultrasound. For DBM, osseous bridging was 
diagnosed at 5.6  weeks, 10.4  weeks, and 
9.6 weeks using either ultrasound, OPG, and CT, 
respectively. In comparison, the GM scaffold was 
diagnosed as providing a bony union after 
4.0 weeks, 9.6 weeks, and 7.2 weeks using either 
ultrasound, OPG, and CT, respectively. Overall, 
it was shown that the radiographs had overesti-
mated the time required for the bony union to 
occur and that the use of ultrasonography was 
more sensitive to early osseous formation. The 
study also demonstrated that the information col-
lected by the sonogram regarding mineralization 
and shape of the regenerating bone was similar to 
that determined by the CT scans.

Ultrasonography can be used for determining 
the quality of bone, as well as assessing the 
phases of the healing process [47]. The velocity 
of the ultrasound waves through defect or frac-
ture sites can indicate the presence of an inflam-
matory reaction as well as information on the 
mechanical and mineral density of the callus. 
Ultrasound waves traveling through healed bone 
have been shown to have a velocity around 80% 
of the velocity when traveling through healthy 
bone [47].

Noviana et al. used ultrasonography to iden-
tify the early stages of bone regeneration after 
implanting either hydroxyapatite-chitosan (HA- 
C) or hydroxyapatite-tricalcium phosphate 
(HA-TCP) composite scaffolds into sheep radial 
defects [51]. Using ultrasound within the first 
30  days of the study, the level of inflammation 
was able to be compared for the initial phases of 
healing, as well as the formation of primary and 
secondary calluses. Radiological and 
 histomorphometric assessments were performed 
in the later stages of the study. Sham surgery sites 
(used as controls) were shown to have a decreased 
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level of inflammation in comparison to the HA-C 
and HA-TCP scaffolds. The study showed that 
the HA-TCP scaffold began morphological 
changes after 30 days compared to 90 days with 
the HA-C scaffold.

Another study combined the use of ultraso-
nography with radiography throughout the heal-
ing process to gain a more detailed evaluation of 
bone regeneration. Monitoring radial bone 
defects in rabbits either treated with or without 
nano-hydroxyapatite coated cancellous bone 
scaffolds [52], radiographs were used to assess 
the formation of a callus, whereas doppler ultra-
sonography was used to evaluate the osseous tis-
sue and the formation of a blood vascular 
network. For the sites treated with the nano- 
hydroxyapatite scaffold, a newly formed callus 
filled the defect site 60 days earlier than with the 
control, and a vascular network was observed to 
develop within half the time (15 days).

Ultrasonography can be used as an alternative 
to radiographic and CT techniques for monitor-
ing the early regenerative processes of bone 
grafts without exposing the patient to a high dos-
age of ionizing radiation. Due to its low cost and 
lack of hazardous ionizing radiation, ultrasonog-
raphy can be used for regular evaluation. It is par-
ticularly useful for the early phases of healing as 
it is able to visualize the soft tissue, enabling the 
initial inflammation reaction, development of a 
vascular network, and formation of a primary and 
secondary callus to be visualized.

16.4  Comparison of Bone Graft 
Materials Using Different 
Imaging Techniques 
in Dentistry

16.4.1  Autogenous Grafts

Autogenous bone is often used by itself or in 
combination with other materials for bone aug-
mentations. Volumetric CBCT comparisons have 
shown that the location from which the autolo-
gous bone block is harvested will influence its 
resorption behavior. Autogenous bone blocks 
harvested from the iliac crest have shown that 

after 3  months, the bone blocks can resorb by 
36.50  ±  5.04%, or by 31.69  ±  5.50% when an 
acellular dermal matrix membrane was used [53]. 
In comparison, bone blocks harvested from the 
mandibular body has been reported to resorb by 
74.6 ± 8.4% over a 4–6 month period when using 
volumetric CBCT comparisons [54]. Graft 
resorption is also influenced by the form of the 
autogenous bone, whether it is used as a bone 
block or in a particulate form. For the reconstruc-
tion of the atrophic maxilla, a comparison of aug-
mentations using autologous bone in a block or 
particulate form showed that after 6 months, the 
particulate graft had maintained a volume of 
81.1  ±  8.3% whilst the bone block had main-
tained a volume of 77.8 ± 5.2% [55].

16.4.2  Allogeneic Grafts

Allogenic bone grafts offer an alternative to 
autologous bone, as they present similar proper-
ties to the native bone, yet do not require a second 
surgical site for the patient [5]. With CBCT, it is 
possible to compare the efficiency of allogeneic 
to autologous bone grafts. Using CBCT plani-
metric measurements, fresh-frozen allogeneic 
bone blocks (source not mentioned) were com-
pared to autologous bone blocks harvested from 
the mandibular ramus, for their stability in hori-
zontal alveolar ridge augmentation [56]. The 
total area of alveolar bone and bone block in pla-
nar segments were calculated and compared 
between time points. After 6  months, the total 
bone volume (alveolar bone and bone block 
within planar segments) had increased by 
2.57 ± 14.62% for patients receiving autologous 
bone, however, had reduced by 9.33 ± 9.57% for 
patients receiving allogeneic bone.

However, the efficiency of the allogeneic bone 
block can be determined by its sourcing. In 
another study, the use of a commercially avail-
able fresh-frozen allogeneic bone block har-
vested from cancellous bone in the femoral head 
and sourced from living donors was shown to 
offer a promising alternative to autologous bone 
[57]. In the study, alveolar ridge augmentation 
was performed either with autologous bone 
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blocks harvested from the retromolar region or 
with an allogeneic bone block (Maxgraft®, botiss 
biomaterials GmbH, Germany). Similar resorp-
tion rates were observed in sagittal and cross- 
sectional CBCT images, and at all time points, 
the vertical and horizontal dimensions were not 
significantly different between the two block 
types. At 6 months the allogenic bone block had 
resorbed by 11.4  ±  9.7% in comparison to 
9.1  ±  7.3% for the autogenous block. At 
12 months, the allogeneic bone had resorbed by 
14.4 ± 9.8% in comparison to 12.5 ± 7.8% for the 
autogenous bone block.

OPG radiography was used to monitor atro-
phic alveolar ridges with a low residual height, 
which underwent a sinus lift procedure using 
allogeneic bone with simultaneous implant place-
ment [58]. Bone resorption was measured by a 
change in the height of the bone at the apex of the 
implant after 1 and 5 years. Before the implant 
placement bone height was measured to be 
14.8  ±  0.694  mm high. After 1  year, this had 
reduced to 13.04  ±  1.038  mm, and then to 
11.62 ± 1.023 mm after 5 years. Although bone 
resorption was not compared to a control, a 94% 
implant survival after a period between 3 and 
8 years is a high success rate for immediate load-
ing of the atrophic alveolar ridge with a low 
residual height.

CBCT can also be used to evaluate graft 
resorption for augmentations with immediate 
implant placement. Simonpieri et al. performed a 
4-year follow-up on full arch rehabilitations 

made with immediate implant placement and 
loading [59]. Buccal plate augmentations were 
performed with allograft particles (Maxgraft®, 
botiss biomaterials GmbH, Germany) covered 
with a prepared L-PRF membrane. 4 years after 
implant loading, measurements of CBCT scans 
were made on the distal, mesial, vestibular and 
oral sides of each implant (Fig. 16.8 is a repre-
sentative CBCT image of a defect site repaired 
with the same bone graft material before aug-
mentation and 18 months post-augmentation and 
implant placement). Bone loss was calculated by 
subtracting the measured bone level from that 
recorded at the time of implant insertion. Using 
this method, it was possible to demonstrate that 
there was no statistical difference between the 
mean bone loss for sites with immediate com-
pared to delayed implant loading, as well as 
between anterior and posterior positions.

16.4.3  Xenogeneic Grafts

Xenogeneic bone grafts offer a more widely 
available source or bone graft material and are 
most commonly sourced from bovine bone [60]. 
A comparison study using autologous and depro-
teinized bovine bone blocks for alveolar ridge 
augmentation was made using volumetric CBCT 
analysis [61]. After 3  months, the autologous 
bone, harvested from the iliac crest, had reduced 
in volume by 35.94 ± 2.35%, however in com-
parison, the bovine bone block (Bio-Oss®, 

a b

Fig. 16.8 CBCT of (a) a severe bone defect of the right mandible and (b) 18  months post-augmentation using 
Maxgraft® bone builder block and implant placement
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Geistlich, Switzerland) had only reduced by an 
average of 12.26  ±  2.35% after a period of 
6–9 months.

Different resorption rates have also been dem-
onstrated between allogeneic and xenogeneic 
bovine bone. Allogeneic particulate bone 
(MinerOss, BioHorizons, USA) was compared to 
xenogeneic particulate bone (Bio-Oss, Geistlich 
biomaterials, Switzerland), via volumetric mea-
surements made using CBCT over a 6-month 
period [62]. The allogeneic particulate bone graft 
had reduced in volume by 19.38 ± 9.22% com-
pared to the xenogeneic bone, which reduced by 
8.14 ± 3.76% over the same period. Augmentations 
were also made with a combination of both allo-
geneic and xenogeneic particles, however, these 
had resorbed by 24.66 ± 4.68%.

To evaluate the stability of bovine bone blocks 
for buccal bony defects with immediate implant 
insertion, CBCT scans were made before implant 
insertion and 1 year later [63]. It was shown that 
there was uniform resorption of the cerabone® 
block (botiss biomaterials, Germany) when the 
bone thickness was measured: one-third coro-
nally, in the middle, or apically of the implant on 
the buccal plate using CBCT images.

The way the xenogeneic bone is treated before 
implantation will also influence its bone regen-
erative abilities [64]. In the comparison of com-

mercially available bovine xenografts, bilateral 
sinus augmentation procedures were performed 
with either cerabone® (botiss biomaterials, 
Germany) or Bio-Oss® (Geistlich, Switzerland) 
granules. Measurements made using CBCT scans 
pre-operatively, immediately post-operatively, 
and after 8 months, showed that for all augmenta-
tions, the alveolar height had increased by similar 
amounts, and had remained stable over an 
8-month period. However, histomorphometrical 
analysis showed that there was a 29.13 ± 13.81% 
increase in new bone for the cerabone® graft in 
comparison to 24.63 ± 19.76% for Bio-Oss®.

Another sinus floor augmentation procedure 
compared four different augmentation materials: 
xenogeneic bone material (Cerabone®, botiss 
biomaterials, Germany) (representative image 
provided in Fig.  16.9), alloplastic biphasic cal-
cium phosphate with a 60:40 hydroxyapatite to 
tricalcium phosphate ratio (BoneCeramic®, 
Straumann, Switzerland), an alloplastic paste 
composed of an 80% nano-hydroxyapatite aqua 
gel and 20% biphasic calcium granules 
(Maxresorb® inject, botiss biomaterials, 
Germany), and a xenogeneic collagen fleece [65]. 
After 36 months, CBCT was used to evaluate the 
volume loss of each of the grafting materials. It 
was found that each material volume had reduced 
over the time period. Cerabone® and 

a b

Fig. 16.9 CBCT scan taken 8 months post-surgery of a two-stage sinus floor elevation and horizontal GBR using cera-
bone® and autologous bone
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BoneCeramic® lost around 20% of their immedi-
ate graft volume, which was between 1.65 and 
1.7 cm3. Maxresorb® inject lost around 38% of its 
initial volume of an average of 1.36 cm3, whilst 
the collagen fleece lost the largest volume, losing 
around 70% of its initial volume of around 
0.59 cm3.

16.4.4  Alloplastic Grafts

Alloplastic materials present the advantage that 
they do not present the risk of disease transmis-
sion and that their properties can be easily devel-
oped to suit the application. An example of 
material adaptation to meet regenerative needs is 
the use of biphasic calcium phosphates. These 
are composed of a slow degrading HA and a 
faster degrading β-TCP for resorption rates and 
biological response.

A comparison study was performed that com-
pared a monophasic calcium phosphate 
(Bioresorb®, Sybron Implant Solutions, 
Germany), composed of β-TCP, and a biphasic 
calcium phosphate (Maxresorb®, Botiss 
Biomaterials, Germany), composed of 60% HA 
and 40% β-TCP [66]. Each material was used for 
sinus floor augmentations and monitored over a 
6-month period. Although histomorphometric 
analysis showed comparable results regarding 
the volume of new bone, residual graft, and non- 
mineralized tissue; radiographical analysis dem-
onstrated that there were differences between the 
two materials used. CBCT datasets, used to 
determine the volume and homogeneity of the 
graft, indicated that the biphasic calcium phos-
phate graft was more stable than that of the 
monophasic. After 6 months, the volume of the 
Bioresorb® graft had reduced by 22.2%, whilst 
the Maxresorb® graft had resorbed by as little as 
6.66%. Although immediately after the augmen-
tation procedure both grafting materials demon-
strated a high level of homogeneity, after 
6  months, this level of homogeneity was only 
maintained by the Maxresorb® graft.

Another synthetic material that can be used 
for bone augmentation is calcium sulfate [67]. To 
compare the effect of graft resorption rate on 

sinus floor augmentations, augmentations were 
performed using either particulate calcium sul-
fate (BondBone, MIS Implants, Germany) with 
autologous bone or deproteinized bovine bone 
(Bio-Oss®, Geistlich, Switzerland). Calcium sul-
fate is a fast-resorbing material that was com-
bined with the slow-resorbing autologous bone. 
Volumetric CBCT data showed that, after 
6 months, the Bio-Oss® volume had reduced by 
9.39 ± 3.01% whilst the CS composite graft had 
reduced by 17.65 ± 4.15%. Therefore, indicating 
the greater stability of sinus floor augmentation 
procedures when using a bovine bone graft in 
comparison to a fast-resorbing material.

Not all materials used for bone augmentations 
are radiopaque. Some materials are radiolucent at 
the time of surgery, radiographic analysis can 
still be performed over different time points, as 
new bone should penetrate the graft causing the 
site to become more radiopaque as the site regen-
erates. Using this reasoning, a gelatin sponge 
(Abgel, SURGISPON®, India) was compared to 
β-TCP for sinus augmentation [68]. CBCT was 
used to make linear measurements of the bone 
height for grafts with and without immediate 
implant placement. Although the Abgel material 
is relatively radiopaque, the baseline measure-
ments (done immediately after the augmentation 
procedure) were measured from the crest of the 
ridge until the absence of apical hyperdensity. In 
the 5-month follow-up, the measurements were 
made of the new bone that had been maintained. 
After a 5-month period, the mean gain in bone 
height between the two groups was not statisti-
cally significant, and both groups measured a 
larger loss in height for grafts inserted without 
the immediate placement of an implant.

16.5  Conclusion

For the measurement of resorbable bone grafts in 
situ, OPGs are easily accessible and relatively 
inexpensive to perform; however, the collection 
of information obtained can be unsatisfactory for 
accurate assessment. The overlapping and super-
imposition of images produce background noise 
that reduces image sharpness and resolution, 
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thereby restricting the anatomical information of 
the region. Unequal magnification leads to distor-
tions of geometric and anatomic accuracies that 
are also influenced by changes to the angulation 
of the performed OPG. All these factors limit the 
use of OPG for comparing biomaterial responses 
between treatment time points.

CT is able to overcome many of the limita-
tions of OPG, as a 3D multiplanar image is cre-
ated with high contrast and resolution without the 
superimposition of acquired data images. 
However, CT uses high radiation exposure, has a 
high cost, as well as has a huge laboratory foot-
print. CBCT offers an alternative to CT and pro-
vides a high spatial resolution whilst reducing 
radiation exposure. It can also provide multipla-
nar reformatting of both 2D and 3D images in 
any plane. However, image quality can be influ-
enced by slight movements of the patient and the 
acquired image is not as detailed as that achieved 
through CT.

Ultrasonography can be used for assessment 
of the early stages of regeneration. Unlike radio-
logical techniques that find it difficult to visualize 
new bone formation until the early stages of cal-
cification of the callus, ultrasonography can pro-
vide information on the initial inflammation 
reaction and the formation of a primary and sec-
ondary callus. The technique can also be used for 
observing the development of a vascular 
network.

Overall, there are a variety of different imag-
ing techniques that can be used for evaluating 
bone healing using bone grafts. The choice of 
technique used will depend on the situation, as 
the level of information required should be con-
sidered in relation to the invasiveness, frequency 
of evaluation, and radiation dosage of the 
technique.
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17Biology of Resorbable Bone 
Substitutes: CaP-Based 
and Polymers

Mike Barbeck, Jens Pissarek, Said Alkildani, 
Ole Jung, and Ronald E. Unger

17.1  Introduction

Regeneration of bone defects or sites of augmen-
tation often requires the application of so-called 
bone substitute materials combined with or with-
out autologous bone; this is still considered as a 
regenerative gold standard [1–3]. A bone substi-
tute is defined as “a synthetic, inorganic, or bio-
logically organic combination, which can be 
inserted for the treatment of a bone defect instead 
of autogenous or allogenous bone” [4]. The prin-
ciple behind the application of resorbable bone 
substitutes is called “creeping substitution” [5]. 

This term was created by Phemister, referring to 
a previous analysis by Axhausen, and defines the 
repair of osteonecrotic bone [6]. Axhausen 
described the repair process as “simultaneous 
absorption of dead bone and incomplete, irregu-
lar replacement by new bone” [6]. However, this 
explanation was expanded by Phemister, as he 
described the process of creeping substitution as 
“gradual absorption of the old bone and replace-
ment by new bone, so that in the course of months 
or occasionally years, the necrotic area is more or 
less completely transformed into living bone” 
[6]. Phemister related this principle to the appli-
cation of autologous bone transplants [7]. This 
term survives today and is used to describe the 
simultaneous process of bone regeneration up to 
the final condition of restitution ad  integrum in 
concert with the degradation of a resorbable bone 
substitute.

For this, a broad variety of bone-substitute 
materials is commercially available. In particular, 
materials of “natural” origin, i.e., human- or 
animal- derived materials (allo- or xenografts), 
are supposed to allow for bone regeneration com-
parable to that allowed by autologous bone grafts, 
or at least to the regenerative potential of their 
calcified bone matrix serving as an osseoconduc-
tive scaffold structure [8]. This assumption is 
based on the similarity of their chemical compo-
sition, which mainly contains hydroxyapatite 
(HA), and their (macro-, micro-, and nano-) 
structure that is more or less preserved after the 
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a b
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Fig. 17.1 Shows scanning electron microscopy (SEM) 
images of a xenogeneic bone substitute derived from 
bovine femoral heads. The typical structure of the bone 

matrix, including trabeculae and macro- and micropores 
(a, b), as well as osteocyte lacunae and the lamellar sub-
structure, (c) is preserved

application of different purification methods 
(Fig. 17.1) [8, 9].

Interestingly, both allo- and xenogeneic mate-
rials are customizable via a milling process, 
allowing for the manufacturing of patient- 
individual scaffolds and, thus, for optimized bone 
healing [10–12]. In this context, computer- 
tomographical data can be used as bases for the 
milling process via computer-aided design and 
computer-aided manufacturing (CAD/CAM) 
[11]. However, the size of the donor tissue, which 
most often originates from cancellous bone 
obtained from femoral heads of living human 
donors or animals, restricts the final size of the 
implant. Furthermore, the dimensions of patient- 

individualized implants having these origins are 
limited by the milling tools and process 
parameters.

Many different synthetic or alloplastic bone 
substitutes are also clinically used [10, 12]. Most 
of these materials are based on HA and beta- 
tricalcium phosphate (β-TCP), which belong to 
the calcium phosphate (CaP) ceramics group and 
bear chemical similarities to the natural bone 
matrix [12]. CaP-based alloplastic bone substi-
tutes are supposed to permit comparable regen-
erative possibilities; this has been shown in a 
broad variety of studies [13, 14]. Most CaP-based 
materials on the market are mixtures of both 
compounds, the so-called biphasic bone substi-
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tutes containing different proportions of HA and 
β-TCP [8, 9, 12]. Materials such as bioglasses, or 
those based on calcium sulfate, are also available 
[15, 16].

Many different synthetic polymeric materials 
have been developed for bone regeneration [17–
19]. The most investigated group of polymers 
contains aliphatic polyesters including polycap-
rolactone (PCL), polylactic acid (PLA), polygly-
colic acid (PGA), and poly(lactic-co-glycolic) 
acid (PLGA) [17–19]. This special class of bone 
substitute materials allows for the manufacturing 
of patient-individualized scaffolds using tech-
niques such as 3D printing or selective laser sin-
tering (SLS) [19]. Moreover, metallic 
bone-substitute materials are also currently in 
focus for bone regeneration. Magnesium-based 
materials are of special interest because this 
metal has been shown to be highly biocompatible 
[20]. This raw material also allows for the prepa-
ration of 3D scaffolds, which can be customized 
for individual defect conditions [21].

These different classes of bone substitute 
materials provide regenerative bone growth via 
the process of osseoconduction, allowing the 
growth of osteoblasts onto their surfaces and sub-
sequent synthesis of the bone matrix [22]. In con-
trast, autologous bone grafts promote bone 
healing via three different pathways: osseocon-
duction, osseoinduction, and osseogenesis [23]. 
The regenerative capacities of autologous bone 
grafts are based on the different elements of 
autologous bone tissue, which does not have to 
be purified from potentially immunogenic com-
ponents such as allo- or xenografts [22, 24, 25]. 
Thus, an autologous bone graft contains different 
bone-cell types such as osteoblasts, osteocytes, 
and osteoclasts, combined with the calcified bone 
matrix [24, 25]. Matrix-associated proteins, such 
as bone morphogenetic proteins (BMPs), osteo-
pontin, osteonectin, osteocalcin, and matrix- and 
cell-related metal ions are important components 
of autografts [23]. Furthermore, bone tissue- 
related connective tissue, including the vascula-
ture and endothelial cells, is a key component of 
bone grafts [24, 26, 27]. Other cell types, includ-
ing the so-called osteomacs, which represent a 
special subtype of macrophages residing in bony 
tissue, are also components of autografts and 

have been shown to contribute to the healing pro-
cess [28]. Altogether, an autograft more or less 
represents a physiologically active transplant that 
can support the process of bone regeneration via 
different pathways. In contrast, no bone substi-
tute material possessing comparable regenerative 
capacities has been developed thus far. However, 
different approaches have been developed to 
overcome this issue.

The influence of different physical characteris-
tics of bone substitutes, such as porosity or (nano-) 
topography, has been extensively analyzed, par-
ticularly in synthetic bone substitutes [29–31]. 
Certain material properties may allow such mate-
rials to mimic even the characteristics of the extra-
cellular and calcified bone matrix, enabling 
inductive bone growth [32]. Although many mate-
rials used in different bone substitutes allow for 
osseoinduction, their regenerative properties have 
never been revealed in clinical studies, indicating 
that this concept is still not tenable [33].

Furthermore, different natural polymers or 
compounds, such as collagen or hyaluronic acid 
(HY), have been added to bone substitute materi-
als to enhance their regenerative capacities [34–
36]. Even various components of the extracellular 
matrix have been used to influence healing fac-
tors such as integration behavior, vascularization 
of the implant bed, and osteoblastic growth and 
differentiation (Fig. 17.2) [34–36]. Water-binding 
polymers, such as HY, enable the production of 
so-called bone pastes, which allow for minimally 
invasive application and insertion of bone substi-
tute materials into borders of defects, allowing 
for improved bone healing [37].

Combining bone-substitute materials with 
osseoinductive agents, such as different BMPs, 
has also been reported [33, 35]. However, the 
underlying regenerative mechanisms of BMPs 
are not yet completely understood and, thus, pos-
sible side effects are still unknown. Moreover, 
such molecules are usually administered in non- 
physiological doses, i.e., thousands to millions of 
times higher than the physiological amount [37]. 
Finally, osseoinductive substances, such as 
BMPs, remain very costly, which further limits 
their clinical application [37].

Various tissue-engineering concepts have 
been described for bone tissue regeneration [38, 
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Fig. 17.2 Shows SEM images of a newly developed 
bone-substitute material composed of bone-substitute 
granules (BS) based on biphasic calcium phosphate 

embedded within a collagen scaffold (CS) (left images: 
×100 magnification, right image: ×200 magnification)

39]. These concepts include the addition of dif-
ferent cell types to bone-substitute materials, 
such as osteoblasts and their precursor cells (i.e., 
mesenchymal stem cells) [39]. Combining bone 
substitutes with different other cell types that 
directly or indirectly support the process of bone 
growth has also been analyzed. For example, the 
influence of different endothelial cell types in 
mono- or co-culture with osteoblasts has been 
examined, because sufficient vascularization is 
an important factor for bone-tissue regeneration 
[39–42]. Blood cells or “inflammatory” cells, 
such as macrophages, have also been used to 
increase the regenerative properties of bone sub-
stitutes because these cell types can express dif-
ferent molecules that are involved in bone-tissue 
healing [43, 44]. However, most of these con-
cepts are still not clinically applicable because 
they are not applicable in acute clinical situa-
tions, due to such factors as long-time spans 
needed for cell isolation and co-cultivation with 
bone substitutes [38, 45].

Combining different metal ions with bone- 
substitute materials has also been analyzed [15, 
46]. This combination is based on the fact that 
different metal ions are both essential compo-
nents of the extracellular calcified bone matrix 
and of cells or proteins that regulate essential 

cellular processes such as proliferation and dif-
ferentiation [15]. Thus, different metal ions 
play functional roles in the physiological cel-
lular environment and in the course of bone 
healing. This brought the application of metal 
ions, in combination with the above-mentioned 
bone substitutes, into focus for bone regenera-
tion [15].

Although numerous studies have analyzed the 
bone healing capacities of various materials, no 
bone substitute yet allows for regenerative capac-
ities comparable to the healing pathways of 
autologous bone transplants described above. 
Thus, a variety of new bone substitute materials 
is still under development. Preclinical in  vitro 
and in vivo, as well as clinical, testing of these 
newly developed materials is greatly important 
for evaluating their regenerative properties and 
securing their future clinical application. The 
preclinical and clinical analyses can be divided 
into three different major parts:

 (a) Analysis of the regenerative effects of bone 
substitutes

 (b) Analysis of the inflammatory tissue response 
to bone substitutes

 (c) Analysis of the degradation pathways of 
bone substitutes
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These three analyses are directly or indirectly 
connected [47, 48]. On the one hand, osteoblasts 
and their precursors need to migrate into a bone 
defect and thereby require a scaffold structure for 
their osteoconductive ingrowth, which should be 
provided by a bone substitute. Their growth and 
differentiation behavior are dependent on differ-
ent material factors such as material geometry, 
pore size and distribution, pore structure, surface 
structure, and chemical composition [13, 15–18, 
29, 30, 33, 35, 49]. On the other hand, every bone 
substitute is initially embedded within connec-
tive tissue within its implantation bed before its 
integration into bone tissue [8, 29, 30]. 
Interestingly, bone tissue is a special type of con-
nective tissue and, thus, it could be supposed that 
this initial connective tissue within an implanta-
tion bed of a bone substitute is the further basis 
for bone growth. Thus, the tissue distribution of 
this material-associated connective tissue is 
dependent on the respective physicochemical 
characteristics of the bone substitute [29, 30, 47, 
48]. Moreover, material characteristics, such as 
(nano-) topography or surface chemistry, as well 
as porosity and granule size, have been shown to 
regulate tissue integration of bone substitutes 
[13, 15–18, 29, 30, 33, 35, 49–51].

In this context, every bone substitute induces 
an inflammatory response and inflammatory tis-
sue response cascade, the so-called “foreign body 
reaction to biomaterials” [47, 48, 52, 53]. This 
cascade starts with an accumulation of proteins at 
the surfaces of the implanted material; this is 
known as the “Vroman effect” [52, 53]. This pro-
cess of protein accumulation is extremely spe-
cific for every bone substitute because it depends 
on the respective physicochemical characteristics 
of the substitute; these characteristics can cause 
the accumulation of specific types of proteins and 
influence their amounts and conformational 
changes [52, 53]. Interestingly, even this initial 
step of the foreign body reaction cascade appears 
to dictate the ensuing pattern of integration, as 
the protein layer leads to the binding of the first 
generation of cells [52, 53]. This cell binding at 
different binding sites of the accumulated pro-
teins, with bonding capacity dependent on the 
respective protein and its special conformation at 

the material surface, induces the later cellular 
responses by influencing a variety of signaling 
pathways [52, 53]. These primary cell popula-
tions guide further processes within the implanta-
tion bed, including the invasion of other cell 
types such as granulocytes, fibroblasts, and endo-
thelial cells [52, 53]. In this inflammatory cas-
cade, macrophages are key cellular components 
because they regulate different processes in the 
implantation bed [47, 48, 52, 53]. Moreover, their 
fused end stage, the multinucleated giant cell 
(MNGC), is regularly found within the implanta-
tion beds of most bone substitutes [47, 48, 52, 
53]. Interestingly, the MNGCs in the implant 
beds of both natural-based bone-substitute mate-
rials and synthetic materials appear to possess the 
phenotype of foreign body giant cells (FBGCs) 
[47]. It has been long supposed that MNGCs in 
the implant beds of bone substitutes, based on 
calcium phosphates such as the calcified bone 
matrix, are osteoclasts, i.e., physiologically 
derived cells involved in bone metabolism. 
However, the newest results have shown that this 
cell type is of inflammatory origin [47]. Both 
macrophages and MNGCs express pro- and anti- 
inflammatory molecules, such as the vascular 
endothelial growth factor (VEGF) and heme oxy-
genase (HO), which have a major influence on 
the vascularization of the implant bed of a bone 
substitute material [48, 54]. Vascularization is a 
key factor for bone-tissue regeneration and the 
process of osteoconduction (Fig. 17.3); thus, the 
inflammatory response to a material is connected 
with the bone healing process and other various 
pathways [47, 48].

The different relationships between these two 
processes have already been revealed. For exam-
ple, in addition to its other pathways and molecu-
lar interactions, VEGF also influences 
differentiation, proliferation, and bone formation 
[29, 47, 48]. Altogether, connective tissue is the 
basis for the subsequent process of bone growth 
and deposition of bone matrix.

The inflammatory reaction is also connected 
with the process of bone substitute degradation. 
Macrophages and their fused end stages, the mul-
tinucleated giant cells (MNGCs), are mainly 
involved in phagocytosis—besides the process of 
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Fig. 17.3 Shows newly generated bone tissue within an 
implantation bed of a bone-substitute material. Within the 
interspaces of the calcified bone matrix, connective tissue 
islands are regularly observable and contain high numbers 
of blood vessels, indicating their importance in tissue 
regeneration

Fig. 17.4 Shows an MNGC at the surface of a psycho-
genic bone-substitute granule phagocytizing fragments of 
the material (red staining  =  TRAP-containing 
phagosome)

Fig. 17.5 Shows the integration behavior of an alloge-
neic bone substitute (ABS) within newly generated bone 
tissue (NB). The ABPS granule is completely embedded 
within the newly generated bone tissue, and histological 
signs of its cellular degradation, such as material-adherent 
macrophages or MNGCs, are not observable

dissolution that occurs in bone substitutes with 
higher solubility (Fig. 17.4) [43, 47, 48, 50].

Different degradation patterns have already 
been shown for the above-described materials, 
indicating their different clinical use for various 
indications [18, 30, 50, 55]. Although bone sub-
stitute materials of allo- and xenogeneic origin 
allow for sufficient bone regeneration, it is still 
questionable whether these substitute materials 
are resorbable [51, 56]. Allo- and xenografts have 
been found within their implantation beds years 

or decades after their application [56]. This 
resorption behavior may result from their chemi-
cal composition, amongst other material factors; 
it has already been shown that hydroxyapatite- 
based bone substitutes are hardly or not resorb-
able (Fig.  17.5) [55]. Low numbers of 
phagocytizing cells, especially those of MNGCs, 
are often observed in the implantation beds of 
such bone substitutes [51, 55]. Altogether, a bone 
substitute with such a degradation behavior may 
not be suitable for defect sites that can heal up 
completely to the condition of restitution ad inte-
grum. The application of such materials may be 
more suitable for defect sites that need material 
maintenance for long-term bone integration, such 
as in the case of sinus elevations.

Most often, synthetic bone-substitute materi-
als based on HA mostly show resorption behav-
iors comparable to those of allo- and xenogeneic 
materials. In contrast, β-TCP-based bone substi-
tutes have often been shown to be rapidly 
degraded via macrophage and MNGC phagocy-
tosis and dissolution [29, 55]. Based on their 
opposing degradation behaviors, the two com-
pounds are most often available in the form of 
biphasic bone substitutes as it has been revealed 
that mixtures of HA and β-TCP also induce a 
moderate inflammatory response [55]. That 
means a combination of their both degradation 
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patterns, i.e., the cellular degradation pattern via 
phagocytes such as MNGCs, and the solubility 
behavior [55]. Finally, the balanced overall deg-
radation of biphasic bone substitutes may, in 
many cases, comply with the process of creeping 
substitution [50, 55]. The degradation of bio-
glasses is of special interest as it leads to the 
release of the ions such as magnesium or copper 
[15, 57]. These integrated ions also influence the 
process of bone healing and vascularization of 
the implant bed [57].

Degradation processes of synthetic polymers 
have also been elucidated within the last decades 
and remain partially controversial [58–62]. In the 
case of PCL, degradation is mainly based on ran-
dom hydrolysis of ester bonds; this occurs within 
a span of 2–3 years [63–67]. While PLA, PGA, 
and PLA/PGA copolymers, used for bone regen-
eration, are mainly considered biocompatible, 
nontoxic, and non-inflammatory, different stud-
ies have shown that their degradation products 
may cause adverse tissue reactions [58, 59, 68]. 
Although PLA degrades to form lactic acid, 
which is normally present in the body and is 
excreted as water and carbon dioxide, the local 
release of acidic byproducts may decrease the 
biocompatibility of these materials [69]. Also, 
the release of small fragments during degradation 
can trigger local inflammatory tissue responses, 
even though these fragments are phagocytized by 
macrophages and multinucleated giant cells [70]. 
In the case of PGA, its cellular degradation via 
different enzymes with esterase activity occurs in 
addition to hydrolysis, with glycolic acid as the 
locally released product [71]. Copolymerization 
of PLA and PGA allows for the synthesis of 
PLGA, which is the most investigated degradable 
polymer for biomedical applications. Thus, 
PLGA has already been applied for suture mate-
rials, drug-delivery devices, and in tissue- 
engineering scaffolds [72, 73]. PLGA degrades 
via hydrolysis of its ester linkages in the presence 
of water to produce the original monomers, lactic 
and glycolic acids [72]. Combining both com-
pounds can influence the time of degradation 
[65]. The time required for the degradation of 
PLGA is related to the monomer ratio. In general, 
an increase in glycolide units decreases the time 

required for degradation [73]. However, materi-
als based on the above-mentioned polymers, and 
many other related compounds, may not exhibit 
suitable biocompatibility or tissue response, 
which is required for bone tissue regeneration 
[18, 74]. Different strategies for overcoming 
these issues, such as combinations using ceramic 
bone-substitute materials, have been developed 
[18, 74]. Combining different classes of bone- 
substitute materials, such as allogeneic, xenoge-
neic, and synthetic materials, may produce 
optimal scaffolds for the regeneration of bone 
defects in different clinical situations; thus, this 
technology is of special interest for the develop-
ment of new bone-substitute materials.

The application of metal-based bone substi-
tutes for bone regeneration, with a special focus 
on magnesium-based scaffolds, remains in focus 
for regenerative medicine [57, 75, 76]. The deg-
radation of magnesium is mainly based on the 
process of corrosion, which is one of the greatest 
limitations of its use in orthopedic applications 
[77, 78]. Although pure magnesium-based mate-
rials develop an oxide film of magnesium hydrox-
ide (Mg(OH)2), which slows corrosion, severe 
corrosion occurs under the release of hydrogen 
(H2) [79]. Two different concepts have been 
established to prevent premature degradation. 
Alloying has been shown to improve the corro-
sion resistance of magnesium [77]. Different 
coatings and surface treatments have also been 
developed to prevent premature corrosion, allow-
ing for the application of magnesium-based 
implants in bone regeneration [80]. For example, 
alloys containing a mixture of rare earth ele-
ments, in combination with another metal such as 
yttrium, have been shown to decrease the corro-
sion of such implants [77, 81]. Coating tech-
niques often include the deposition of CaP onto 
the surfaces of magnesium-based materials [80].

Altogether, this summary shows that different 
material classes, having different regenerative 
properties, have been developed within the last 
decades. However, an optimal bone-substitute 
material, which would allow for bone regenera-
tion in the context of different indications, has 
still not been found. Thus, further development in 
the field of bone substitutes is necessary to create 
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materials that are more adaptive to the respective 
(micro-) milieu. Such development requires eval-
uation of the three different processes of material- 
mediated bone regeneration: regenerative effects 
of bone substitutes, the analysis of material- 
induced inflammatory tissue response, and the 
analysis of material degradation. Different 
in vitro and in vivo analyses must be conducted 
for every new bone substitute material in order to 
evaluate its regenerative effects. Thus, different 
preclinical in vitro and in vivo, as well as clinical, 
methodologies were presented in this chapter.

17.2  Methods

17.2.1  Ex Situ Methodologies

17.2.1.1  Analyses of Physical 
and Chemical Properties 
of Bone Substitutes

Many different methods are used to analyze the 
physical and chemical characteristics of bone 
substitutes. The obtained data are often used to 
correlate material properties with respective cell 
or tissue responses [29, 35, 50, 55]. Most often, 
scanning electron microscopy (SEM) is used for 
visualization of the overall or surface morphol-
ogy of bone substitutes; however, SEM can also 
be used for different material analyses such as 
measurement of pore size [29, 50, 55, 82, 83]. 
Thus, SEM is especially useful for comparing 
different materials [29, 50, 55, 83].

Data obtained by micro-computed tomogra-
phy (μCT) allows for visualization of properties 
of bone substitute materials such as the inner 
structure (Fig. 17.1c) [84]. This method, which is 
based on X-ray imaging, allows for measurement 
of material properties such as pore distribution, 
and for 3D visualization of bone substitutes [84, 
85]. X-ray diffractometry (XRD) and high- 
resolution X-ray diffractometry (HRXRD) are 
applied for the physical analysis of bone substi-
tutes [86, 87]. In the case of CaP-based materials, 
both methods allow for the analysis of crystallin-
ity [86].

Different methods are used for the determina-
tion of the chemical composition of bone substi-

tutes, depending on their components. In the case 
of crystalline biomaterials, such as CaP-based 
bone substitutes, infrared spectroscopy (IR spec-
troscopy or vibrational spectroscopy), thermo-
gravimetry, or XRD are used to identify the 
chemical composition of bone substitute materi-
als [86, 88].

The analysis of bone substitutes based on 
polymers is often an elaborate process as the 
characterization of macromolecules or polymers 
in biomaterials is complex and, thus, requires 
several methods to generate the necessary data. 
The molecular mass of a macromolecule is often 
the deciding factor when choosing an analytical 
method because many methods require the mol-
ecule to be in solution; this is more challenging to 
achieve if the molecular weight is high. Infrared 
spectroscopy (IR) delivers important data on 
functional groups in macromolecules and can be 
used even for poorly soluble macromolecules 
[89]. However, compared to nuclear magnetic 
resonance (NMR) spectroscopy, the data can lack 
resolution. NMR can provide detailed informa-
tion on the structure, dynamics, reaction state, 
and chemical environment of molecules [90, 91]. 
The intramolecular magnetic field around an 
atom in a molecule changes resonance frequency, 
thus providing details on the electronic structure 
of a molecule and its individual functional groups 
[91, 92]. Important parameters in the character-
ization of macromolecules are molecular weight 
and molecular weight distribution, which influ-
ence mechanical properties and degradation 
behavior [93, 94]. Gel permeation chromatogra-
phy (GPC) and size-exclusion chromatography 
(SEC) is dependent on the hydrodynamic volume 
of macromolecules, which correlates with their 
molecular weight [95, 96]. The data show the dis-
tribution of the molecular weight of the macro-
molecule blend. By adding a standard with a 
known molecular weight, it is possible to deter-
mine the relative molecular weight of each frac-
tion. Mass spectroscopy is state-of-the-art for 
obtaining absolute molecular weight values [97]. 
Matrix-assisted laser-deionization time-of-flight 
mass spectroscopy (MALDI-TOF-MS) and 
electron- spray ionization mass spectroscopy 
(ESI-MS) can detect macromolecules having 
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large molecular weight [97, 98]. They overcome 
the problem of early decomposition of macro-
molecules during MS analysis and deliver struc-
tural data by tracing the fragmentation 
pathways.

In addition to molecular parameters, material 
characteristics such as tensile strength, elonga-
tion, and elasticity are among other important 
factors used to describe a biomaterial. For 
instance, aging or molecular degradation strongly 
influences the mechanical properties of a bioma-
terial and, therefore, may be used to quantify the 
degradation state [99, 100].

17.2.1.2  Methods for Analysis of Ex 
Situ Degradation of Bone 
Substitutes

Although the aforementioned techniques allow a 
basic insight into the resorption behavior of bone 
substitute materials, more exact methods can 
measure this factor both ex situ and in vivo. Even 
the degradation behavior of bone substitute mate-
rials known to be (partially) degraded via disso-
lution and corrosion, in addition to their cellular 
resorption, is often examined by different ex situ 
methods [18, 99, 101]. This is because material 
degradation based on dissolution or corrosion 
cannot be precisely analyzed by in vitro or in vivo 
analyses, as the distinction from phagocytic deg-
radation is most often not possible. In this con-
text, special solutions, such as simulated body 
fluid (SBF) and specialized cell culture media, 
have to be used for the immersion of bone substi-
tutes to mimic the physiological environment 
[18, 99, 101]. To enhance the mimicry of a local-
ized microenvironment of an implantation bed, 
bio-reactor systems with a specified flow rate are 
used as test systems for degradation studies [102, 
103].

The first step in the analysis of the degradation 
behavior of bone substitutes is based on micro-
scopic observations. Light microscopy is often 
used, but SEM is also often utilized to visualize 
the degradation processes of a biomaterial [18, 
104]. Different quantitative methods for different 
types of bone substitutes have been described. In 
general, a simple method for analyzing degrada-
tion via dissolution or corrosion is to measure the 

initial weight of a bone substitute material and 
compare it with its weight after incubation in a 
degradation solution after a defined time span 
[105]. However, other more sensitive methods 
are often applied, including measuring the prod-
ucts of degradation [106–108]. In the case of 
CaP-based materials, the concentrations of cal-
cium and phosphate ions eluted into the sur-
rounding medium are measurable via methods 
such as complexometry, titration, and energy- 
dispersive X-ray spectroscopy (EDX) 
[109–111].

Effective separation of different degradation 
species and their characterization is mandatory 
for understanding the degradation mechanisms 
and pathways of polymeric bone substitutes. A 
reliable, convenient, and versatile method for 
assessing the fraction of degradation products is 
high-pressure liquid chromatography (HPLC), 
which may be combined, even inline, with 
ESI-MS [98, 112]. In addition to performing sep-
aration and characterization, HPLC can quantify 
the different species in the same run and, there-
fore, is a convenient and broadly used analysis 
tool [113].

Specialized methods are applied to analyze 
the degradation behavior of bone substitutes 
based on raw materials, such as magnesium, 
which undergo corrosion [114]. The low corro-
sion resistance of magnesium-based biomaterials 
leads to an overall degradation of these materials 
in physiological solutions. To detect the degrada-
tion kinetics, two major approaches are used: (a) 
unpolarized: loss of mass, pH monitoring, and 
hydrogen evolution; and (b) polarized: potentio-
dynamic polarization (PDP) and electrochemical 
impedance spectroscopy (EIS) [115]. Overall, 
degradation should be measured as physiologi-
cally, quickly, and validly as possible. This is cur-
rently not reflected by any of the methods. Both 
polarized and unpolarized methods have respec-
tive advantages and disadvantages; these are 
reviewed in detail by Kirkland et al. [115]. All the 
methods provide a relatively quick impression of 
the possible degradation. General disadvantages 
involve the accuracy and applicability in an 
in vivo environment. Usually, a combination of 
polarized and unpolarized methods (e.g., hydro-
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gen evolution and potentiodynamic polarization) 
leads to a more precise assessment of corrosion 
and degradation. In the future, fluid-dynamic 
degradation test benches may reflect the in vivo 
environment far more closely.

17.2.2  In Vitro Methodologies

Biomaterials need to meet the basic requirements 
for biocompatibility outlined by the ISO 10993 
standards [116–118]. Thus, biomaterials should 
be nontoxic, non-thrombogenic, non- 
carcinogenic, non-antigenic, and non-mutagenic 
[116–118]. Based on ISO protocols, the analyses 
of the biocompatibility of biomaterials include a 
series of steps and offer different starting points, 
allowing for application in most developed and 
developing medical devices. The first step is the 
in  vitro assessment of a biomaterial including 
analysis of cytocompatibility. This biological 
evaluation, which includes standardized proto-
cols to generate quantitative and comparable 
data, allows for rapid biological evaluation [116–
118]. This analysis step enables a biological eval-
uation early in product development; it also 
allows for regular testing of marketed materials 
with regard to the efficiency of production and 
sterilization procedures. Moreover, the analysis 
of the cytocompatibility of a biomaterial via 
in vitro tests is required for its registration. Basic 
cytocompatibility analysis includes the test of (a) 
metabolic activity, and (b) cell viability and pro-
liferation [117, 118]. Different methods are used 
for these analyses (Table 17.1) [118, 119].

Following adequate cell staining, analysis of 
cell morphology is also included in the evalua-
tion of cytocompatibility via light microscopy, 
SEM, or confocal laser scanning microscopy 
[119–122]. For basic cytocompatibility analysis, 
using cell lines is preferable because it generates 
reproducible data [123, 124]. Cell lines maintain 
their genetic, metabolic, and morphological char-
acteristics, making these cells reliable test objects 
for such kind of analysis [123]. Fibroblasts are 
used most often, because this cell type is essen-
tial in the healing process, having rapid contact 
with implanted materials [123, 124]. Moreover, 

fibroblasts are cellular elements of nearly all tis-
sues in the body. Thus, L-929 mouse fibroblasts 
are most often used for biomaterial testing 
because of their easy maintenance in culture 
[125]. Different methods for cytocompatibility 
testing are described with respect to material 
contact. Thus, cytocompatibility can be analyzed 
via direct or indirect contact of the cells with the 
biomaterial, depending on the nature of the mate-
rial [124, 125].

After initial cytocompatibility tests using 
fibroblasts, more detailed tests are used to ana-
lyze the responses of specific cell types to a spe-
cific bone substitute. Thus, depending on the 
bone substitute, the responses of osteoblasts, 
osteoclasts, and endothelial cells are most often 
assessed [126–128]. Cell lines may generally be 
used for these tests, although primary or precur-
sor cell populations in bone tissue are often 
selected [116–118].

17.2.2.1  Methods for Analyzing 
Regenerative Effects of Bone 
Substitutes

For the in  vitro analysis of regenerative effects 
mediated by bone substitute materials, it is neces-
sary to cultivate these materials with respective 
anabolic cells such as osteoblasts and precursor 
cells; this is done to analyze cellular growth pat-
terns and proliferation [126, 128]. Most often, so- 
called “osteoblast-like cells,” which are 
osteosarcoma cells from different origins such as 
mouse, rat, or humans, are used for these analy-
ses; these cell lines include MG-63, MC3T3, 
UMR-106, SAOS-2, and HOS [116–121, 123–
126, 128–130]. Osteosarcoma cells express a 
variety of osteoblastic marker molecules, but 
their overall phenotype differs from physiologi-

Table 17.1 shows testing methods for the analysis of 
cytocompatibility of biomaterials

Test object Test method
Metabolic 
activity

MTT, Alamar blue assay

Cell viability Neutral red uptake, propidium iodine 
staining

Cell 
proliferation

Cell counting, total protein content, 
DNA assay, 3H-TDR uptake
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cal bone cells in functional activity,  responsiveness 
to external agents, and expression of surface mol-
ecules; this has to be taken into consideration 
when planning experiments [129]. However, 
these cell types allow for an initial comparison of 
the osteogenic capacity of bone substitutes [124, 
125, 129].

Primary osteoblasts are also used for analyz-
ing the biocompatibility of bone substitutes, 
although these cells have to be isolated from 
bone samples. These osteoblasts can be isolated 
from animal and human bone tissue via enzy-
matic digestion and/or outgrowth from bone 
samples [131, 132]. Bone cells express different 
marker molecules such as collagen type I, bone 
sialoprotein, osteocalcin, osteonectin, osteocal-
cin, and alkaline phosphatase [133–135]. The 
expression level of these marker molecules is 
dependent on osteoblastic maturation [133, 134, 
136]. The expression or secretion of marker mol-
ecules is measured to test the biocompatibility or 
regenerative effects of bone substitutes via meth-
ods such as enzyme-linked immunosorbent 
assays (ELISA) or polymerase chain reaction 
(PCR) [137]. Furthermore, osteoblastic cells can 
show signs of mineralization of the extracellular 
matrix in the form of mineralized nodules; these 
can be visualized by histological and histochemi-
cal methods such as Giemsa, Kossa, or Alizarin 
Red S stain, and by X-ray mapping for calcium 
and phosphate via SEM [138, 139].

Cells expressing an osteoblastic phenotype 
can be differentiated from different precursors 
[108]. One source is bone marrow cells derived 
from a single cell or colony forming unit- 
fibroblastic (CFU-F), which initially form fibro-
blastic colonies [115]. These cells can be 
differentiated into osteoblastic cells if cultured 
with osteogenic substances such as fetal calf 
serum (FCS) or glucocorticoids [115]. 
Mesenchymal stem cells (MSCs) can be differen-
tiated into osteoblasts; thus, their differentiation 
is used as a benchmark for assessing the osteo-
genic capacity of bone substitutes [140, 141]. 
However, MSCs have to be characterized initially 
via methods such as flow cytometry [142]. This 
analysis has also shown that MSCs express a 
variety of surface markers, indicating that these 

cells express characteristic molecules of fibro-
blasts, endothelial cells, smooth muscle cells, 
and osteoblasts [142].

Furthermore, endothelial cells and their pre-
cursors are used for evaluating the biocompatibil-
ity of bone substitutes [143]. Both primary 
endothelial cells and cell lines are used to analyze 
the angiogenic potential of bone substitutes, 
which reflects their bone healing capacity [143]. 
The bone healing capacity and implant-bed vas-
cularization of a bone substitute are directly and 
indirectly connected via molecules such as VEGF 
[29, 52, 144]. While VEGF expression by osteo-
blasts is often measured, the ability of endothelial 
cells to build vessel-like structures is also ana-
lyzed [145, 146]. Immunohistochemical staining 
can detect specific molecules such as CD31 or 
the von Willebrand factor (vWF) [146]. Moreover, 
the morphology and extent of vessel-like struc-
tures built on bone substitutes are histomorpho-
metrically measured to compare their angiogenic 
properties [42]. A further approach to analyze the 
interaction of osteoblasts and endothelial cells 
with bone substitutes is their co-culture onto 
materials [42].

17.2.2.2  Methods for Analysis 
of Resorbability of Bone 
Substitutes

Macrophages are the main regulatory cells within 
the framework of inflammatory tissue reactions 
and healing events related to biomaterials and 
bone substitutes [44, 47, 52]. In vitro analyses by 
co-culturing bone substitutes with macrophages 
are used to analyze the cytotoxicity, growth 
behavior, degradation, and inflammatory poten-
tial of bone substitutes [147–150]. To analyze the 
interaction of macrophages with bone substitutes, 
different monocytic cell lines, such as THP-1 or 
U-937, are used most often [151, 152]. Both are 
model cell lines used in biomedical research 
[147, 151, 152]. The THP-1 cell line was derived 
from the peripheral blood of a 1-year-old human 
male with an acute monocytic leukemia, while 
the cells of the U-937 line were isolated from the 
histiocytic lymphoma of a 37-year-old male 
patient [153, 154]. Monocytes from other sources, 
such as cells from the peripheral blood of both 

17 Biology of Resorbable Bone Substitutes: CaP-Based and Polymers



352

animals and humans, are often used for this kind 
of research [155, 156]. There is an important dif-
ference between cells from the two cell lines and 
primary cells: While THP-1 and U-937 cells have 
the capacity for further cell division and repro-
duction, primary monocytes or macrophages lose 
this ability after differentiation [157–159]. Thus, 
results from studies using different monocyte 
sources may not be comparable.

Analyses of resorbability include measuring 
the rate of adhesion and viability and examining 
the morphology of monocytic cells, macro-
phages, and multinucleated giant cells (MNGCs) 
on the surfaces of bone substitutes [160–164]. 
These methods include fluorescence, histochemi-
cal stainings such as DAPI, phalloidin, or Giemsa 
staining, and evaluation via light or electron 
microscopy [160, 165–167]. The data from such 
studies provide first insights into the resorption 
pattern of bone substitutes based on their interac-
tion with phagocytic cell types. In vitro detection 
of tartrate-resistant acid phosphatase (TRAP), a 
lytic enzyme involved in the degradation of dif-
ferent biomaterials and bone substitutes, is of 
special interest for assessing material degrada-
tion even of CaP-based bone substitutes [48]. 
However, the number of TRAP-positive cells 
may not be easily measurable via histomorphom-
etry due to the different microscopic planes in the 
3D structure of bone substitutes. Therefore, more 
sensitive methods are for example based on direct 
TRAP detection and its quantitative measure via 
photometry [168].

Different methods are used to observe and 
quantitate the process of phagocytosis in human- 
mouse macrophages and MNGCs by following 
the internalization of (parts of) bone substitutes. 
These measurements are based on fluorescent 
dyes used to visualize phagocytized particles and 
trypan-blue staining to quench the fluorescence 
from particles that are not internalized [169, 
170]. Finally, measurements could be performed 
using a fluorescence microplate reader. This 
methodology can also be used with cells from 
different adherent cell types. Furthermore, differ-
ent other methods for quantification of the cellu-
lar resorption of bone substitutes have been 
described. One of the most interesting methods is 

based on culturing MNGCs on bone substitutes 
and measuring their respiration lacunae via SEM 
[160]. This method allows for quantification of 
the lacunae profiles, depths, diameters, and 
volumes.

17.2.2.3  Methods for the Analysis 
of Inflammatory Cell 
Responses to Bone 
Substitutes

On the one hand, it has been revealed that macro-
phages are mainly involved in the inflammatory 
responses to bone substitutes, depending on dif-
ferent physicochemical material characteristics 
[47, 48, 52–54]. Furthermore, it has been thought 
that MNGCs in the implant beds of bone- 
substitute materials are osteoclasts, based on 
their expression of TRAP, an osteoclastic marker, 
and multinucleation [47]. However, the newest 
data has shown that MNGCs in the implantation 
beds of both a synthetic and xenogeneic bone 
substitute appear to possess the foreign body 
giant cell (FBGC) phenotype [47]. Although 
being of inflammatory origin, both cell types 
express simultaneously pro- and anti- 
inflammatory molecules, even within the implant 
bed of a bone-substitute scaffold [48]. In this 
context, it has been revealed that the numbers of 
the above-mentioned cells and also the amounts 
of expressed cytokines are dependent on the 
physicochemical characteristics of a bone substi-
tute [18, 29, 30, 43, 50, 51]. Altogether, these 
data show that analyses of differentiation and 
expression of pro- and inflammatory molecules 
expressed by both macrophages and MNGCs are 
important to evaluate the severity of material- 
dependent inflammatory cell responses. It has to 
be evaluated which combination of physico-
chemical material characteristics leads to which 
expression patterns; this can optimize and pro-
mote the bone healing process. Thus, many dif-
ferent studies have focused on the detection and 
measurements of inflammatory molecules, 
expressed by macrophages and MNGCs after 
their cultivation on different materials [48, 52, 
54, 147]. To evaluate differentiation, different 
approaches such as immunohistochemical detec-
tion methods, fluorescence staining, microscopic 

M. Barbeck et al.



353

Fig. 17.6 Shows an example of an MNGC after immu-
nohistochemical detection of integrin beta-2 (green 
staining)

visualization, SEM, TEM, and confocal micros-
copy can be used (Fig. 17.6) [47, 50, 171–175].

To measure pro- and anti-inflammatory mole-
cules, including both cell-associated and secreted 
molecules, different techniques are suitable. In 
addition to immunohistochemical detection, 
ELISA, PCR, and fluorescence-activated cell 
sorting (FACS) can be employed [54, 168, 176, 
177]. Especially, Luminex xMAP technology 
uses a bead-based flow cytometric platform, 
which permits the multiplexing of up to 100 dif-
ferent assays within a single sample [178]. For 
this system, different assays are available for 
many classes of biomolecules and species, 
including cytokines and growth factors. 
Alternatively, assays based on single antibodies 
and COOH beads can be developed by individual 
laboratories.

17.2.3  Preclinical In Vivo Studies

17.2.3.1  Experimental Animals 
and Implantation Models

Various preclinical in vivo studies are conducted 
to test material-induced tissue responses and the 
regenerative effects of bone substitute materials. 
Thus, different animals and implantation models 
play an important role in this research field [179–
181]. Choosing the appropriate species and com-
bining it with a correct implantation model is 
complicated, and a variety of factors need to be 

taken into consideration [179–181]. First of all, 
the correct animal model should show the bone 
healing capacity of a bone substitute with the 
highest extent of comparability to that in human 
organism. Different factors involved in the selec-
tion of experimental animals include the ability 
to conduct surgical procedures, animal availabil-
ity, size of the implant, number of implants 
per animal, intended duration of the test, poten-
tial differences between species with regard to 
biological responses, cost to acquire and care for 
the animals, availability, acceptability to society, 
resistance to infection and disease, biological 
characteristics analogous to humans, tolerance to 
surgery, adequate housing facilities and support 
staff, and lifespan of the experimental animals 
[179]. Implantations are normally conducted in 
mice, rats, rabbits, canines, sheep, goats, and pigs 
to simulate the human in vivo environment [179–
181]. The animal model and site of implantation 
are dependent on the issue being investigated. 
Typical implantation sites are subcutaneous con-
nective tissue, muscle tissue, calvaria, maxilla, 
mandible, femora, and ulna, depending on the 
aims of the respective study [179–181].

Ectopic implantation of bone substitutes is 
mainly used to analyze cytocompatibility, inflam-
matory tissue responses, cellular degradability, 
and vascularization of the implantation bed [18, 
29, 30, 37, 41–44, 50, 51, 55]. Furthermore, such 
implantation sites are also widely used to exam-
ine the osteoinductive properties of bone substi-
tute materials [182]. Such studies mostly use 
small animals, such as mice or rats, to test the 
tissue compatibility of medical devices [18, 29, 
30, 37, 41–44, 50, 51, 55, 179–181]. In vivo tests 
of medical devices implanted subcutaneously in 
mice are also an integral part of the respective 
ISO norm 10993 [181].

Different testing models are used to analyze 
the interactions of tissue engineering constructs, 
which combine bone substitute materials or scaf-
folds with (human) cells; the testing models 
include the use of immunodeficient animals [40–
44]. These mice exhibit a “severe combined 
immunodeficiency” (SCID), which causes a defi-
ciency in the maturation of the immune system 
[183]. In particular, the development of B- and 
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T-lymphocytes and activation of the complement 
system are impaired in these mice; this affects the 
immune defense against infections, tumors, and 
transplants [183]. This particular knockout mouse 
model is of special interest for analyzing differ-
ent clinical concepts. These include the implanta-
tion of different cell types, such as osteoblasts 
and/or endothelial cells, and subcutaneous 
implantation of material-cell combinations. Such 
studies allow for the distinction between 
implanted human cells and the surrounding cells 
of the host organism and are conducted by using 
mouse- or human-specific antibodies [41–44]. 
Not only SCID mice are available for this type of 
implantation study. Other knockout models 
include small experimental animals, such as rats, 
and larger animals, such as dogs [184].

In bone substitute research, bony implantation 
sites enable to analysis of the regenerative effects 
of bone substitutes, as well as cytocompatibility, 
inflammatory tissue reactions, cellular degrad-
ability, and material-induced vascularization of 
the implantation bed [179, 181, 185–187]. 
Studies on material-mediated bone regeneration 
have been conducted in species ranging from 
mice to larger animals [181]. The selection of 
correct experimental animals and understanding 
species-specific bone properties, such as bone 
microstructure, composition, and remodeling 
characteristics are important factors for later 
in  vivo comparison to the human physiological 
environment [179–181]. For the evaluation of 
bone substitutes intended for dental applications, 
studies examine two bone types based on their 
differential embryonic development in the organ-
ism [188, 189]. While the cranium grows out of 
the ectoderm, the rest of the skeleton is derived 
from the mesoderm [188, 189]. Thus, differences 
in the processes of bone healing might exist 
between the two types of bone. Furthermore, the 
different implant locations have to be chosen on 
the basis of conditions, such as mechanical load-
ing, which include different microenvironments 
in different parts of an organism [179–181]. 
Altogether, it is necessary to test bone substitutes 
for dental regeneration in the appropriate envi-
ronment; this includes implantation sites such as 
the maxilla, mandible, or the calvaria. Most 

often, mice are not usable for bony implantation 
due to their thin or small bones in their skull 
region; this does not allow for implantation of 
most bone substitutes just because of their size. 
Rats are one of the most commonly used experi-
mental animals for the analysis of bone substi-
tutes, although different limitations have been 
described for this model [179–181]. For example, 
the bones of rats (and mice) show the least simi-
larity to human bone [181]. Rabbits, canines, and 
pigs show minor differences in bone composition 
compared with that of humans [181]. Dogs, 
sheep, and goats demonstrate good comparability 
with human bone, which makes them suitable 
animals for the testing of bone-implant materials 
[181].

Choosing an adequate implantation model is 
very important for the analysis of material- 
induced tissue reactions and the regenerative 
effects of bone substitute materials. As men-
tioned above, the subcutaneous implantation 
model is suitable for the analysis of tissue com-
patibility, inflammatory tissue reactions, cellular 
degradability, and material-induced vasculariza-
tion of the implantation bed [18, 29, 30, 37, 43, 
44, 47, 48, 50, 51, 55]. However, predicting the 
healing capacities of a bone substitute is limited. 
The limitation is based on the fact that a bone 
substitute, depending on its physicochemical 
properties, becomes integrated into bone tissue at 
the bony implantation site while being only cov-
ered by connective tissue at a site of subcutane-
ous implantation. This different embedding 
behavior in different anatomical regions (ortho-
tropic and ectopic regions) leads to differences in 
the attachment of phagocytizing cells such as 
macrophages and MNGCs. However, this 
implantation model is optimally suitable for a 
first assessment of the overall tissue reactions to 
bone substitutes. Combined with immunodefi-
cient animal models, such as SCID mice, this 
implantation model has been widely shown use-
ful for bone-regeneration research [40–42, 44, 
183, 184].

For research on craniofacial regeneration, 
critical- size defect models in the calvaria and 
mandibula are the most used implantation sites 
for bone substitutes. The main prerequisite for all 
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bone implantation models is the creation of “crit-
ical size defects”, which are defined as “the 
smallest osseous wound that does not heal spon-
taneously over an extended period of time” [179]. 
This means that no spontaneous complete bone 
regeneration of the created defects is possible. 
Such an implantation model allows for the analy-
sis of bone healing capacity mediated by a bone 
substitute material.

The calvarial critical size defect (CSD) model 
is one of the most frequently used implantation 
models, particularly in rodents, for analyzing 
material-mediated bone healing. Small animals 
allow for easy handling and rapid testing proce-
dures [179]. Different defect sizes in different 
species have been described [179]. In mice, the 
age of the animal is an important point to con-
sider with respect to experimental planning 
because juvenile mice show increased healing 
capacity of calvarial defects in contrast to that in 
older animals [179, 190]. Calvarian defects up to 
5 mm in diameter showed spontaneous healing in 
the calvarial bone of juvenile (6-day-old) mice, 
while such defect sizes were found critical in 
adult (60-day-old) mice, making older animals 
preferable for calvarial CSDs [179, 190–192]. In 
rats, controversial data on the minimal size of 
calvarial CSDs have been described, because 
both 5 and 8 mm defects can be of critical size 
[191]. Interestingly, CSDs 5  mm in diameter 
allow for the creation of two defects per animal 
without touching the sagittal suture; this is in 
contrast to 8-mm CSDs, which can prevent sub-
stance diffusion and impair local repair/regenera-
tion due to the close vicinity of adjacent defects 
[191]. Furthermore, CSDs in the calvaria of rab-
bits should have a minimal diameter of 11 mm, 
which also allows for creation of two defects in a 
single cranium without involving a sagittal suture 
line [193]. Four 8-mm defects can be used to 
investigate the bone healing process for up to 4 
weeks [193]. Furthermore, calvarial CSDs have 
also been described in dogs, sheep, and pigs, with 
minimal CSD diameters of 20, 22, and 10 mm, 
respectively [193]. The defects required to induce 
CSDs in the mandibles of dogs and sheep should 
minimally have a length of 8–9  mm, while 
lengths around 30 mm have also been reported in 

many studies [194, 195]. Furthermore, minimal 
sizes for CSDs in the minipig mandible were 
determined as 6 and 2 cm, with and without peri-
osteal involvement; the minimal size for man-
dibular CSDs in pigs was determined to have a 
length of 10 mm [179, 196].

In summary, testing bone substitutes for cra-
nial and maxillofacial surgery via critical size 
defects (CSDs) involves a hierarchy of animal 
models. The testing started with implantations in 
the calvaria of mice, rats, and rabbits, followed 
by studies on implantation in the mandibles of 
larger animals such as dogs [197].

17.2.3.2  (Pre-)Treatment of Tissue 
Explants and Biopsies

Preclinical tissue explants and clinical biopsies 
allow for the analysis of different parameters. 
These include tissue fractions within a bone 
implantation bed of a bone substitute, the extent 
of newly generated bone, and the remaining bone 
substitute and connective tissue. These parame-
ters also include material-related factors such as 
implant-bed vascularization and inflammatory 
cell types. Different technologies, such as histo-
chemical and immunohistochemical staining, are 
used for this analysis [18, 29, 30, 37, 43, 44, 47, 
48, 50, 51, 55, 198]. The workup of tissue sam-
ples is greatly important for analyzing these 
respective factors.

The first vital step is the fixation of tissue sam-
ples, which prevents autolysis or putrefaction. It 
is important to determine which components 
within a biopsy will be analyzed because this 
impacts the choice of the fixation reagent [199–
201]. The fixation process has to terminate bio-
chemical reactions within a biopsy sample while 
preserving the cells or tissues close as possible to 
their natural state [199–201]. Different fixation 
techniques exist for further detection of respec-
tive tissue components (Table 17.2) [199–201].

The most common fixative in histology is 
formaldehyde, which is normally used as neutral 
buffered formalin, i.e., 3.7–4.0% formaldehyde 
in phosphate-buffered saline [199, 200]. 
Formaldehyde fixates tissue via cross-linking of 
proteins, which may lead to issues with further 
detection of epitopes via immunohistochemistry 
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Table 17.2 shows different fixatives and related target 
structures

Fixation method Target structure
Neutral buffered formalin, 
paraformaldehyde

Proteins

Frozen sections Enzymes
Frozen sections, glutaraldehyde Lipids
Alcoholic fixatives, HOPE fixation Nucleic acids
Frozen sections Polysaccharides
Bouin solution, neutral buffered 
formalin

Biogenic 
amines

[200]. This process can be mostly reversed using 
a simple water treatment. Special retrieval meth-
ods, such as ultrasonic, enzymatic, or heat treat-
ments, among others, can also be applied to 
recover the natural state of epitopes [199, 200]. 
In general, using formaldehyde allows for good 
fixation of the tissue sample and is usable for the 
preparation of many stains in the field of bone 
regeneration. For tissue specimens that are to 
undergo immunohistochemical staining, differ-
ent special fixative solutions are available, which 
might be more favorable as no treatment due to 
cross-linking processes is necessary for immuno-
histochemistry [199, 200, 202].

After this initial fixation step, the embedding 
technique is important for the sectioning of tissue 
samples. The hardness of the tissue “dictates” the 
embedding technique, because the embedding 
medium should optimally have the same or simi-
lar hardness as the specimen to enable sectioning. 
For hard tissue samples, including hard materials 
such as bone substitutes, and for soft tissue sam-
ples, embedding in plastic is preferable; this can 
maintain the bone substitutes within the subse-
quent histological slides. Paraffin embedding is 
an option for both kinds of biopsies, because an 
initial decalcification process might also allow 
for the sectioning of hard tissue samples or sam-
ples including bone substitute materials [198, 
203]. However, most often the bone substitute 
material is eluted during the decalcification pro-
cess. In most cases, the tissue interface at the sur-
faces of former bone substitute material can be 
histologically examined. Additionally, different 
decalcification media can be used. Three main 
types of decalcifying agents are used: (a) strong 
mineral acids, (b) weaker organic acids, or (c) 

chelating agents [203]. Strong acids, such as 
hydrochloric or nitric acid, provide the most 
rapid methods; however, these decalcifiers have 
to be used carefully to prevent tissue damage that 
may interfere with immunohistochemical detec-
tion [203]. Decalcifiers based on weak acids, 
such as formic acid or trichloroacetic acid (TCA), 
can be directly combined with formalin [203]. 
Their application leads to slower decalcification, 
compared with agents based on strong acids, but 
decreases tissue damage [203]. Decalcifiers 
based on chelating agents, such as ethylenedi-
aminetetraacetic acid (EDTA), are preferable 
because they decalcify via capturing calcium 
ions from both bone tissue and bone substitutes 
[203]. EDTA used as a calcium chelating agent, 
allows for mild decalcification of biopsies with-
out damaging the tissue [203]. However, using 
this medium requires a considerable amount of 
time, i.e., weeks to months, for sufficient decalci-
fication. Also, the sectioning of the biopsy sam-
ple is dependent on components such as bone and 
different bone substitutes. The process of paraffin 
embedding is preceded by tissue processing 
[203]. This processing includes dehydration, 
clearing, and final infiltration by wax. The waxes 
used for histological preparation are mixtures of 
purified paraffin wax and various additives such 
as resins. Different wax formulations allow for 
different types of embedding, depending on the 
properties of the respective biopsy sample [204]. 
The optimal wax formulation should possess 
physical properties comparable to those of 
embedded tissue or bone substitute [204]. This 
issue can be circumvented using plastic embed-
ding; however, how the tissue samples are subse-
quently treated or examined is important [205, 
206]. Epoxy and acrylic resins are usable as 
embedding media. Acrylic resins in particular 
should be used for samples meant to undergo 
immunohistochemistry [207, 208]. For both par-
affin and plastic-embedded specimens, further 
processing includes sectioning on a microtome 
using different specimen holders and different 
profiles of microtome blades.

Other techniques include tissue freezing for 
cryostat sectioning [209]. This technique includes 
an initial rapid freezing step (generally using liq-
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uid nitrogen) as the fixation method [209]. This is 
the fastest and easiest of all fixation methods and 
is well-suited for immunohistochemistry and 
other analyses without requiring antigen retrieval 
[209, 210]. However, it shows the poorest mor-
phology, depending on the tissue being used, and 
is prone to freezing artifacts caused by delays in 
the freezing process [211]. An additional exam-
ple of a fixative is 4% PFA, combined with using 
sucrose as a cryoprotectant [212]. This results in 
excellent tissue morphology is suitable for immu-
nohistochemistry and can be combined with a 
slower freeze in crushed-powder dry ice alone, 
slush of dry ice and 100% alcohol, or in a beaker 
of isopentane surrounded by dry ice. This method 
does not tend to incur freezing artifacts or cause 
cracked blocks [212]. However, this technique is 
very time-consuming and requires antigen 
retrieval due to cross-linking before applying 
immunohistochemical procedures [213].

Altogether, the respective choice of workup 
methods is dependent on the technical equipment 
of the institution or department, and the prefer-
ences of the researchers; it also depends on spe-
cial analysis methods that may require further 
fixation or embedding techniques.

17.2.3.3  (Immuno-)Histochemical 
Staining Methods

There is a variety of histochemical stains and 
antibodies for immunohistochemical detection of 
different cell types. The field of biomaterial and 
bone substitute research uses a special range of 
histochemical stains whose application allows to 
highlight of different important features within 
the biopsies and enhance tissue contrast. 
Microscopically separating implanted bone- 
substitute materials and the surrounding (newly 
generated) bone or connective tissue, and distin-
guishing between different cell types and tissue 
elements, can provide a wealth of information.

Initial staining of a biopsy is most often con-
ducted via hematoxylin and eosin (H&E), which 
is one of the principal stains in histology and is 
widely used in medical diagnosis [214]. Although 
H&E is a useful all-purpose stain that is quick 
and easy to apply, its disadvantages include low 
differentiation between newly-generated and 

local bone tissue, or between vital bone tissue 
and implanted allo- or xenogeneic bone substi-
tute [215]. For more detailed separation, special-
ized stains are used in this research field. Some of 
these methods are listed in the table below [216, 
217] (Table 17.3).

While these stains partially allow us to sepa-
rate different cell types, such as macrophages, 
granulocytes, or mast cells, involved in regenera-
tion or inflammatory processes, other specialized 
stains, such as Giemsa, are used for the micro-
scopic separation of cells [218]. Enzyme- 
detection techniques, such as the detection of 
alkaline phosphatase, are used for the visualiza-
tion of osteoblasts involved in bone growth and 
regeneration [219, 220]. A special staining 
method, based on the detection of the enzyme 

Table 17.3 Shows different histochemical stains and 
their advantages

Staining method Advantages
Masson-Goldner 
trichrome stain

– Differentiation between mature 
bone, newly formed bone, fibrous 
tissue, cartilage tissue, and bone 
substitutes
– Detection of blood vessels based 
on the color of erythrocytes

Modified 
Masson-Goldner 
trichrome stain

– Differentiation between mature 
bone, newly formed bone, fibrous 
tissue, cartilage tissue, and bone 
substitutes

Movat’s 
pentachrome 
stain

– One of the most differentiating 
methods for the analysis of bone 
healing
– Differentiation between mature 
bone, newly formed bone, fibrous 
tissue, cartilage tissue, and bone 
substitutes
– Visualization of bone 
accumulation within the scaffold

Alcian blue stain – Visualization of endochondral 
ossification
– Labeling of glycosaminoglycans 
in a bright blue color
– Detection of chondrocytes

Toluidine blue 
stain

– Differentiation between mature 
bone, newly formed bone, and 
fibrous tissue

Von Kossa stain – Visualization of mineralization
Gomori’s 
trichrome

– Visualization of collagen

Alizarin red/
Alcian blue stain

– Visualization of mineralization
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tartrate-resistant acid phosphatase (TRAP), is 
used to detect cells that are involved in bone 
matrix resorption and degradation of biomateri-
als such as bone substitutes [221].

The processes within an implantation bed of a 
bone substitute can be discerned in more detail 
via immunohistochemistry, which allows for the 
detection of molecules or cell (sub-) types 
involved in bone regeneration, inflammatory tis-
sue reactions to a bone substitute, and its degra-
dation. Many different factors have to be 
considered for successful immunohistochemical 
detection; these are not discussed in detail in this 
chapter. However, different guides for conduct-
ing immunohistochemistry experiments are 

available from antibody manufacturers, books, 
and publications [222]. The variables that must 
be considered and optimized for successful 
immunohistochemical detection include the 
respective antigens (species, expression level, 
sample type), epitopes, appropriate controls, 
sample preparation, fixation methods and fixa-
tives, blocking steps, antigen retrieval methods, 
detection methods, primary and secondary anti-
bodies, labeling methods and labels, counter-
stains, and mounting reagents.

Some of the molecules listed below are impor-
tant in visualizing bone growth and detecting 
regeneration processes (Table 17.4). Indirect pro-
cesses, such as vascularization of the implanta-

Table 17.4 Shows different molecules available for immunohistochemical detection of bone growth, material- induced 
inflammation, and material degradation

Molecules Involvement
Runt-related transcription 
factor 2 (RUNX2) [224]

– Osteoblast marker
– A protein essential for osteoblastic differentiation

Alkaline phosphatase (ALP) 
[225–228]

– Surface protein of osteoblasts reflecting their activity
– A sensitive and reliable indicator of bone metabolism
– Bone-specific isoform of alkaline phosphatase

Collagen type 1 [229] – The main constituent of the bone matrix (~90%)
Bone Sialoprotein (BSP) 
[230, 231]

– Osteoblast marker
– Required for hydroxyapatite nucleation
– Involved in osteoclast differentiation and function

Decorin [232] – A marker of osteoblast differentiation
Core-binding factor alpha 1 
(Cbfa1) [233]

– Osteoblast marker
– Essential transcription factor for osteoblastic differentiation and osteogenesis

Osteonectin [133, 234] – Bone matrix marker
– Serves as a nucleus for mineralization and regulates the formation and growth of 
hydroxyapatite crystals

Osteocalcin [133, 234] – Bone matrix marker
– Differentiation between mature bone, newly-formed bone, and fibrous tissue

Osteopontin [133, 234] – Bone matrix marker
– Osteopontin physically blocks the mineral formation
– Involved in osteoclast differentiation and function

Tartrate-resistant acid 
phosphatase (TRAP), 
TRAP5b [133, 234, 235]

– Osteoclast marker
– TRAP5b = bone-specific isoform (in contrast to TRAP 5a, which is expressed by 
inflammatory cells)
– Role in skeletal development, collagen synthesis, and degradation, mineralization 
of bonedegradation of skeletal phosphoproteins such as osteopontin

Calcitonin receptor (CTR) 
[236]

– Osteoclast marker
– A specific marker of osteoclast differentiation
– The degree of surface expression increases as osteoclasts undergo fusion and 
activation
– Differentiation markers for distinguishing mammalian osteoclasts from 
macrophage polykaryons
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Table 17.4 (continued)

Molecules Involvement
Cathepsin K [237, 238] – Osteoclast marker

– Contributes cooperatively to the process of osteoclastic bone resorption
– Cleaves key bone-matrix proteins and is believed to play an important role in 
degrading the organic phase of bone during bone resorption

Receptor Activator of 
Nuclear Factor κ B (RANK) 
[239]

– Osteoclast marker
– RANKL/RANK signaling regulates osteoclast formation, activation, and survival 
in normal bone modeling

Vacuolar-Type Proton Pump 
(E11) [240]

– Osteoclast marker
– Osteoclast proton pump/vacuolar H(+)-ATPase

Vitronectin Receptor (VR, 
VNR) [241, 242]

– Osteoclast marker
– Alpha v beta 3 integrin
– Highly expressed in osteoclasts
– VR-mediated osteoclast adhesion and bone resorption

Cluster of differentiation 31 
(CD31), platelet endothelial 
cell- adhesion molecule 
(PECAM-1) [18, 40–44, 243]

– Vessel marker
– Expressed at high levels on early and mature endothelial cells

Vascular endothelial growth 
factor (VEGF) [29, 244]

– A marker for pro-angiogenic cells including osteoblasts, macrophages, and 
MNGCs

Cluster of differentiation 68 
(CD68), macrosialin [245, 
246]

– Marker for various cells of the macrophage lineage including monocytes, 
histiocytes, giant cells, Kupffer cells, and osteoclasts
– “Pan-macrophage marker” because both M1- and M2-macrophages are detected
– Cell-adhesion molecule

Cluster of differentiation 80 
(CD80) [247]

– M1 macrophage marker
– Protein found at monocyte surfaces, co-stimulates T-cell activation and survival

Cluster of differentiation 86 
(CD86) [248]

– M1 macrophage marker
– Protein found at monocyte surfaces, co-stimulates T-cell activation and survival

Interleukin-1 receptor 
(IL-1R) [249]

– M1 macrophage marker
– Cytokine receptor that binds interleukin 1
– Primarily responsible for transmitting the inflammatory effects of interleukin-1

Cluster of differentiation 163 
(CD163) [250]

– M2 macrophage marker
– Macrophage-specific protein; upregulated expression of this receptor is one of the 
major signals in macrophage switch to alternatively-activated phenotypes in 
inflammation

Scavenger receptor-AI 
(SR-AI) [251]

– M2 macrophage marker
– Crucial for promoting M2-like M/activation and polarization during hepatic 
inflammation

Mannose receptor/cluster of 
differentiation 206 (CD206) 
[252]

– M2 macrophage marker
– Functions in endocytosis and phagocytosis
– Plays an important role in immune homeostasis

tion bed, can also be visualized via 
immunohistochemistry [18, 40–44]. 
Inflammatory processes can be detected using 
macrophage antibodies, and techniques for dif-
ferentiating between the different pro- and anti- 
inflammatory subtypes have already been 
published [222, 223]. Different antibodies for 
visualization of the degradation processes of 
bone substitutes are used in this research field 

(Table 17.4). In this chapter, it was not possible to 
display the broad variety of marker molecules 
used for immunohistochemical detection; there-
fore, some of the most important marker mole-
cules for the processes described above are listed 
below (Table 17.4).

In implantation models that use immunodefi-
cient animals for analyzing the interactions of 
cell-scaffold-combinations with the host tissue, 
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species-specific antibodies allow for the 
 separation of human and murine cells [40–44]. 
Implanted human osteoblasts, endothelial cells, 
and monocytes/macrophages are immunohisto-
chemically detectable within implantation beds 
via the detection of cell-specific markers and 
overall markers, such as vimentin, an intermedi-
ate filament expressed in mesenchymal cells [40–
44, 253].

17.2.4  Analysis Methods 
for Preclinical Tissue Explants 
and Clinical Biopsies

17.2.4.1  Methods for Analysis 
of Bone Healing Mediated by 
Bone Substitutes

The first step in the analysis of material-medi-
ated bone healing includes microscopic analysis 
of the implantation bed of a bone substitute [11, 
18, 29, 30, 37, 40–44]. Different methods allow 
for the quantitative determination of the healing 
processes within the implantation beds of bone 
substitutes. However, a qualitative description 
of bony integration is very important, because 
factors such as interactions with the bone 
matrix, or osteoblastic growth that is reflected 
by osteoblastic hems, can only be described 
based on observations. Therefore, it is useful to 
follow a specific protocol that defines monitor-
ing parameters; such a procedure facilitates the 
comparison of different bone substitutes ana-
lyzed in the same study and allows cross-study 
comparisons. Parameters that are mainly ana-
lyzed qualitatively within the framework of 
bone healing, and depending on the bone substi-
tute, are: bone growth within the different 
regions of an implantation bed (i.e., the depth of 
penetration of bone tissue within a scaffold or 
implantation bed of granular materials); mate-
rial-bone contact or extent of osteoconductivity; 
vascularization of the implantation bed; bone 
matrix maturation (mineralized vs. precalcified 
bone matrix, lamellar vs. woven bone matrix); 
and state of bone growth (e.g., bone matrix or 
osteoid hems including active osteoblasts and 
number of osteocytes) [11, 18, 29, 30, 37, 40–

44]. Finally, representative microphotographs 
are acquired with a light microscope combined 
with a digital camera; these are generally used 
for publication.

Furthermore, scoring systems for material- 
mediated bone healing represents a semi- 
quantitative approach [254, 255]. Examination is 
generally performed by two or more experts in 
histology, based on an evaluation form contain-
ing different parameters. In most cases, a score 
for each subject is obtained individually, and the 
overall healing score represents the sum of all 
evaluated parameters. The obtained data can be 
used for statistical analysis.

Histomorphometric analyses of the different 
factors involved in bone healing are used as a 
more exact method [11, 18, 29, 30, 37, 40–44, 
256, 257]. However, this kind of analysis requires 
a microscope equipped with a digital camera and 
a computer running analytical software. 
Microscopic images from different regions of an 
implantation bed can be used for histomorphom-
etry. Combined microscope systems, including 
motorized components such as a scanning table 
for digitization of histological slides, are avail-
able from different companies (Figs.  17.7 and 
17.8).

The costs of appropriate microscopes, digital 
cameras, and related computer programs vary 
widely. The costs of programs vary from open- 
source software, such as ImageJ [258], a suitable 
tool for different histomorphometric analyses, to 
special software packages that can cost thousands 
of euros. However, costly software packages 
from certain manufacturers are optimally adapted 
for components such as a digital camera or scan-
ning table. In contrast, such components are only 
occasionally compatible with open-source 
programs.

Histomorphometric analysis includes the fol-
lowing morphometric indices for the calculation 
of newly formed bone in sites of regeneration 
[258–261]

 1. Total area (TA) or total volume (TV) of a 
biopsy/implantation site, including both new 
bone, remaining bone substitute, and soft- 
tissue cavities (in mm2 or mm3)
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a

b c

d e

Fig. 17.7 (a) Shows an overview of a computer-based 
microscope system for histomorphometry, consisting of a 
light microscope (Eclipse 80i, Nikon, Japan) with a con-
nected digital camera (Nikon DS-Fi1, Nikon, Japan) (b), 

an automated scanning table (ProScan III, Prior, USA) (c) 
and its control unit (d), and a controller for the manual 
control of the scanning table (e)
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Fig. 17.8 Shows an overview of a clinical biopsy sam-
ple, called a “total scan,” composed of single images used 
for histomorphometric analysis (Masson-Goldner stain, 
×100 magnification)

 2. Areas or volumes of newly formed bone tis-
sue (BA or BV), of remaining bone-substitute 
material (MA or MV), or of connective tissue 
(CA or CV) (in mm2 or mm3)

 3. Fractions of bone tissue (BA/TA or BV/TV), 
remaining bone substitute (MA/TA or MV/
TV) or connective tissue (CA/MA or CV/
TV), also described as the percentage or ratio 
(hence, no unit of measure is used)

 4. Average bone thickness (B.Th) (in mm)
 5. Average bone separation, which is the thick-

ness of soft-tissue cavities (B.Sp) (in mm)

Various other factors, such as vascularization 
of the implantation bed (as percentage fraction of 
the implantation area and numbers of vessels/
mm2 of the implantation bed) or numbers of dif-
ferent cell types, such as MNGCs, within the 
implantation bed (cells/mm2 of the implantation 
bed), can be measured, counted, and related to 
the respective implantation area via 
 histomorphometry [11, 18, 29, 30, 37, 40–44]. 
Altogether, histomorphometric analyses are an 
appropriate method for analyzing the bone heal-
ing process and related factors. Interestingly, the 
manual marking of the areas of tissue fractions is 
most often still necessary for measurements of 
these parameters (Fig. 17.9).

Most histomorphometric programs currently 
offer automatic or semi-automatic analyses of the 
described parameters. However, conducting these 
analyses is strongly dependent on factors such as 
the quality of the histological slides and digitiza-
tion quality, which, in turn, is based on the qual-
ity of components used for digitization (e.g., 
resolution of the digital camera); most of all, the 
contrast of the respective staining is the most 
important factor in these assessments. 
Immunohistochemical stains may provide the 
highest contrast, while many histochemical stains 
do not enable sufficient separation of different 
tissue fractions or cell types. However, some his-
tochemical stains, such as Movat’s Pentachrome 
or Masson Goldner, have already been shown 
suitable for (semi-) automatic histomorphometry 
[259, 260].

Other techniques, such as X-ray imaging, 
micro-computed tomography (μ-CT), high- 
resolution magnetic resonance imaging (MRI), 
or synchrotron X-ray microtomography, are also 
used for the analysis of regenerative bone growth 
[262–264]. X-ray imaging is most often used in 
clinical studies, evaluating the height of bone 
growth, because only anatomic structures such as 
bones and bone substitutes absorb the X-rays; 
based on their high signal attenuation, they 
appear bright [265]. However, structures such as 
soft tissues have low signal attenuation and, 
hence, appear dark in an image without the appli-
cation of contrast agents [266]. Thus, this visual-
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Fig. 17.9 Shows the manual marking (green line) of newly formed bone within the implantation bed of a xenogeneic 
bone-substitute material using Nikon NIS Elements software

a b

Fig. 17.10 Shows a μ-CT scan of a sinus biopsy acquired 
6 months after bone augmentation with a xenogeneic bone 
substitute. RB  =  residual bone, IA  =  implantation area, 
orange color = connective tissue, blue color = bone tissue/

matrix, white color  =  xenogeneic bone substitute gran-
ules. (Images were generated with the kind assistance of 
Prof. Dr. Rothamel and Dr. Andre Beerlink from Yxlon)

ization method is not suitable for evaluating the 
integration behavior of a bone substitute or 
material- induced tissue reactions in close detail. 
μ-CT scanning is an important tool in bone 
research. It allows for bone histomorphometry 
based on 3D data, obtained for the whole implan-
tation bed of a bone substitute, without destroy-
ing tissue or impeding volumetric measurements 
(Fig.  17.10) [264, 265]. Different protocols for 
μ-CT enable us to visualize the nature of the bone 

structure and to quantitatively analyze numerous 
bone structural parameters with a high degree of 
accuracy [266–268]. The morphometric indices 
described above can also be measured via μ-CT 
in all implantations models, i.e., ectopic and 
orthotropic implantation sides (long bone defects 
and cranial bone defects) [269].

This analytical method can be used for the 
dynamic measurement of bone-growth processes 
because μ-CT can also be used for in  vivo 
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 measurements; this avoids the sacrifice of the 
experimental animals at the respective study time 
points [270]. Altogether, these advantages render 
μ-CT a powerful tool for bone regeneration stud-
ies. However, it does not allow for the analysis of 
soft tissues due to their relatively poor μ-CT con-
trast; thus, it cannot be used to evaluate cellular 
reactions to a bone substitute. Combining μ-CT 
with histological or histomorphometric methods 
may, therefore, be a very useful approach.

Synchrotron radiation X-ray microtomogra-
phy (SR-μCT) is another powerful tool for the 
analysis of bone regeneration, allowing non- 
destructive observation of bone and its internal 
structure without any sample preparation [262]. 
In the context of bone research, this overcomes 
the issues of other techniques that do not allow 
for discrimination of different tissue fractions, 
such as mineralized bone matrix and the sur-
rounding connective tissue [271]. Thus, SR-μCT 
enables high resolution of a specimen, allowing 
for differentiation between tissues with similar 
absorption coefficients [272]. SR-μCT can be 
used to measure newly formed bone and other 
tissue fractions, as well as bone indices. 
Moreover, SR-μCT facilitates sufficient detection 
of fine structures, such as blood vessels, which 
can be used to measure vascularization of the 
implantation bed or tissue response among other 
structures [271].

Interestingly, all of these methods only allow 
for the measurement of the different tissue frac-
tions and quality of the regenerated bone tissue. 
No quantification of the cellular responses or 
levels of gene expression is yet available. 
Measurements of serum markers of bone turn-
over, such as bone-specific alkaline phospha-
tase, osteocalcin, or type 1 procollagen, can be 
suitable for the determination of bone growth; 
however, such methods do not allow quantifying 
the expression of involved factors within the 
defect or implantation site [273]. In material-
mediated bone regeneration, it is important to 
evaluate the gene expression of different cell 
types, such as osteoblasts, endothelial cells, or 
osteoclasts, and their precursors; this expression 
may vary with different bone substitute materi-
als [274, 275]. Different methods have been 

developed for this. One of the most powerful 
analytical tools is high- resolution magnetic res-
onance imaging (MRI) because it overcomes the 
various restrictions of the methods described 
above. MRI can be optimally used in the field of 
tissue-engineering research by generating spa-
tial maps of tissue relaxation times, and the 
stiffness or shear moduli of growing or develop-
ing tissues such as bone; additionally, it can be 
used to visualize the integration of biomaterials 
within the surrounding tissues [276]. Moreover, 
MRI enables quantification of cell death, inflam-
matory processes, and visualization of cell traf-
ficking and gene expression via application of 
(super-) paramagnetic contrast agents [276]. 
Other specially tailored measurement tech-
niques, based on fluorescence- activated cell 
sorting (FACS) and laser capture microdissec-
tion (LCM) are used [277, 278]. These allow for 
immunophenotyping of different cell types 
within a biopsy, or isolation of specific cell pop-
ulations from a biopsy, and are used to quantify 
gene expression.

17.2.4.2  Methods for Analysis 
of Resorbability of Bone 
Substitutes

The analysis of the degradation behavior of 
bone substitutes generally includes qualitative 
and quantitative methods. Qualitative methods 
encompass a microscopic analysis of biopsies 
or radiological data. While radiological data 
may only provide an overview of an implanted 
bone- substitute material, histological analysis 
of the degradation can provide details about the 
implanted material and specific processes of its 
cellular resorption [18, 29, 30, 37, 44, 50, 51]. 
Simple histochemical stains, such as H&E, can 
be used to analyze both parameters, as this 
staining method also shows the different cell 
types involved in the resorption process [214]. 
However, specialized histochemical staining 
methods, such as the Von Kossa/Safranin-O 
stain, allow for visualization of the calcium 
content in bone substitutes, within the sur-
rounding connective tissue, and especially 
within phagocytizing cells such as macrophages 
and MNGCs [37].
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The histochemical detection of the TRAP 
enzyme, which is mainly expressed by phago-
cytes within the implantation beds of various 
bone substitutes, can provide a first impression of 
the degradability of a material [18, 29, 43, 235]. 
However, it is still questionable whether the over-
all expression pattern of TRAP within the implan-
tation bed of a bone substitute correlates with its 
degradation course; this is because, in its histo-
chemical detection, both TRAP isoforms are 
labeled [48, 235]. The TRAP5a isoform is linked 
with inflammatory processes, while TRAP5b is 
involved in osteoclastic reposition processes of 
the bone matrix [235]. Until now, it has not been 
revealed which isoform is expressed in the cells 
degrading the bone substitutes, which are recog-
nized as foreign body materials.

It is, therefore, important, to detect the cells 
involved in the degradation processes of bone 
substitutes and expression of molecules involved 
in cellular digestion. One of the most common 
analyses is immunohistochemical detection of 
the CD68 molecule, which is a pan-macrophage 
marker and is expressed by most of the phago-
cytes within an implantation bed of a bone substi-
tute. Moreover, antibodies against TRAP, and 

recently against TRAP5a and other molecules 
involved in the degradation or phagocytosis of 
bone-substitute materials, are also used [47]. 
Methods offering higher resolution, such as 
trans-electron microscopy (TEM), are useful for 
the analysis of phagocytosis and analyzing sub-
cellular processes (Fig. 17.11) [50]. It is also pos-
sible to detect specific molecules via TEM based 
on immunogold labeling, which can lead to fur-
ther information about intracellular pathways of 
bone substitute digestion or processing [279].

Based on these described detection methods, 
different parameters can be measured using his-
tomorphometry to quantitatively analyze the 
resorbability of bone substitutes. For example, 
histological slides can be used to measure the 
numbers of different phagocytizing cells, such as 
MNGCs and their TRAP-positive and TRAP- 
negative subforms, or macrophages. Furthermore, 
by using TEM images, the sizes of engulfed par-
ticles can be measured, allowing a fundamental 
prediction of the resorption of a bone substitute 
(Fig. 17.11) [18, 29, 30, 37, 44, 50, 51]. However, 
these methods are generally not used to measure 
the exact degradation rate of a material because 
most of the bone-substitute materials (especially 

Fig. 17.11 Shows the histomorphometric measurement of bone-substitute fragments within a material-adherent mac-
rophage, obtained using the Nikon NIS Elements software
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in the form of granules) have a polygonal form; 
therefore, 2D slides do not provide an overview 
of the overall surfaces and, thus, no analysis of 
overall degradation. In many cases, the degrada-
tion of a material is not uniform because of irreg-
ularities in material composition; such is the case 
with biphasic bone substitutes, which show an 
irregular distribution of HA and β-TCP, among 
others. Thus, histomorphometric analyses can 
only be applied if a bone-substitute material pos-
sesses a consistent diameter or form.

While μ-CT, SR-μCT, and MRI allow for 
qualitative analysis of material resorption, these 
methods are also ideally suited for measurements 
[262–272]. These imaging techniques also allow 
for non-destructive observation of bone substi-
tutes without any sample preparation, whereby 
the whole material structure and form are dis-
playable. These techniques do not overcome the 
problem of analyzing resorbability of irregularly 
formed materials. However, even studies includ-
ing different time points that normally require the 
sacrifice of many experimental animals, these 
techniques enable for dynamic in vivo measure-
ments at respective study time points and help to 
decrease the number of experimental animals 
[270]. Altogether, the resorption behavior of a 
bone substitute can only be completely analyzed 
by a combination of different imaging techniques 
such as histology and μ-CT.

17.2.4.3  Methods for the Analysis 
of Inflammatory Tissue 
Responses to Bone 
Substitutes

The most conventional method for the analysis of 
inflammatory tissue response to a bone substitute 
is based on histochemical staining and qualitative 
microscopic analysis of preclinical and clinical 
biopsies. H&E or Giemsa stains are used often, 
allowing for the differentiation of different cell 
types involved in tissue reaction to a material [18, 
29, 30, 37, 50, 51, 214–216]. These simple stains 
provide only a general insight into the inflamma-
tory events, with no effective distinction between 
most of the relevant cell types such as macro-

phages and fibroblasts. However, this technique 
can be used to measure inflammatory tissue 
responses to bone substitutes using semi- 
quantitative scoring systems and histomorpho-
metric measurements (such as the thickness of a 
wall of reactive tissue or fibrotic capsule around a 
bone substitute) [18, 29, 30, 37, 50, 51, 255]. For 
more detailed insights into the inflammatory 
events within an implantation bed of a bone sub-
stitute are achievable via immunohistochemical 
labeling, which enables differentiation of differ-
ent cell types and inflammatory subtypes, such as 
M1- and M2-macrophages [216, 222, 223].

An enormous number of antibodies directed 
against a broad variety of animal and human- 
specific antigens are available. Finally, the num-
bers of cells, and other parameters such as 
vascularization of the implantation bed, are mea-
surable via manual and automatic histomorpho-
metric analysis [18, 29, 30, 37, 50, 51]. 
Furthermore, FACS methodology is also usable 
for quantification of the number of (inflamma-
tory) cell types within the implantation beds of 
biomaterials and bone substitutes [277].

These methods allow us to analyze the sever-
ity of the inflammatory response to bone substi-
tutes on a cellular level. However, they do not 
assess the gene expression of different cell types 
with respect to a particular bone substitute or its 
physicochemical characteristics. Different tech-
niques are suitable for quantifying gene expres-
sion of inflammatory cells within biopsies and 
bone substitutes. MRI allows us to quantify 
inflammatory processes and gene expression 
based on (super-) paramagnetic contrast agents. 
LCM or directly applied real-time quantitative 
PCR (qPCR) helps measure gene expression of a 
certain cell type or that within the whole biopsy 
[276]. New molecular biological methods, such 
as NIR nanoprobes, bind to defined molecules, 
such as the folate receptor on activated macro-
phages. Bioluminescence-based assays detect 
cells tagged with the luciferase gene reporter. 
These novel techniques can be used to detect and 
quantify the extent of biomaterial-mediated 
inflammatory responses in vivo [280].
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18Membranes and Soft Tissues 
Enhancers

A. Friedmann and A. Akcalı

18.1  Introduction

The continuously emerging number of biomateri-
als in the field of membranes, barriers, and soft 
tissue enhancers, and their advertising may mis-
guide the user to an attitude the products are all 
compatible regarding their application and 
services.

De facto all devices possess diverse features 
and should be investigated and discussed group- 
wise, separated by the material origin and manu-
facturing process; accounting for the functions 
and qualities provided by the manufacturer.

One rationale discriminates the membranes 
which are presenting with a barrier function from 
the “remodeling” membranes. While the first 
group represents materials for the GBR/GTR 
procedures, the others are supposed to facilitate 
the soft tissue conditions. Enhancement of peri- 
implant soft tissue volume in single implant sites 
majorly plays a role in the establishment of the 
outcome [1]. Therefore, to maximize the longev-
ity of treatment outcomes from aesthetic and 
functional point of view soft and hard tissues 
should be considered together.

Biologics such as Enamel Matrix Derivatives 
(EMD), Autologous platelet concentrates 

(APCs), Hyaluronic acid (HA), or Growth 
Factors (GF) may serve for enhancing cells and 
tissues in both, the hard and the soft tissue 
compartment.

18.2  Use of Membranes

The principle coined Guided Bone Regeneration 
(GBR) aims at regenerating missing bone volume 
by newly formed mineralized tissues within defi-
cient sites, however, without necessarily grafting 
the room by substitutes or fillers. The bone for-
mation de novo—also considered intramembra-
nous ossification—is a result of osteoblast 
activity within condensed mesenchymal tissue. It 
occurs during the development of the maxilla, the 
body of the mandible, or the midshaft of long 
bones [2]. The nature of this mechanism hall-
marks bones of the skull throughout the life span 
of the vertebrates. In the late 80s of the last cen-
tury, several research groups demonstrated suc-
cessfully achieved the formation of new bone by 
secluding the defect space from non-osteogenic 
tissue [3]. The room created as a secluded space 
underneath a physical barrier is sought to fill with 
the blood which emanates from surrounding 
bone marrow [4]. Once sufficiently stabilized, 
the blood clot matures, the cells of mesenchymal 
origin proliferate and pre-osteoblasts are shown 
to invade then differentiate into cells capable of 
mineralization and initiating thereby the cascade 
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of events necessary to form new alveolar bone. 
First resulting in an immature woven bone, it will 
maturate under strain and load by remodeling 
into lamellar bone. The remodeling relates to the 
permanent bone turnover of the skeleton and is 
based upon the activity expressed in the basic 
multicellular units (BMU). Single BMU contains 
osteoblasts, osteoclasts, and their precursors, 
whereby the osteoblasts are activated by osteo-
clast activity, i.e., initiating the resorption process 
of the bone. The Receptor Activating Nf kappaB 
ligand (RANKL) binds to the RANK receptor of 
the membrane and activates the osteoclasts. The 
antagonistic soluble protein Osteoprotegerin 
(OPG) counteracts by binding the RANKL pro-
tein within the bloodstream deactivating the 
ligand [5]. The resorption activity in a BMU in 
adult human bone is estimated at approximately 
3  weeks and the formation response lasts for 
3–4 months. The annual remodeling replacement 
rate is calculated with about 5–10% of the skele-
ton each year, with the entire adult human skele-
ton being replaced in 10  years until the person 
reached 50 years of age [6].

18.2.1  Studies on Membrane 
Materials

The membranes are considered to contribute to 
the new bone formation being themselves bio-
compatible, osteoconductive, and either non- 
resorbable or degradable. Various membrane 
materials were proposed for a semipermeable 
barrier function physically secluding the soft tis-
sues and the periosteum from the room under-
neath. Both, the non-degradable and degradable 
materials representing the two major barrier cat-
egories were studied in vitro, pre-clinically, and 
clinically since then. Numerous studies focused 
on biocompatibility, cell occlusivity, barrier func-
tion, permeability, bacteria adherence and pene-
tration, longevity in the tissues, soft tissue 
reaction, mineralizing capacity, and immune 
response from the recipient tissues. The experi-
mental setting for in vitro and preclinical studies 
should adequately address the material character-
istics the study is focusing on. In this context, the 

popular setup once proposed as the proof of bio-
compatibility among native vs. cross-linked col-
lagen membranes appears under concern as the 
positioning of the biomaterials in the chick 
mucosa of rodents doesn’t reflect conditions at 
the alveolar crest [7]. More recent reproduction 
of this experiment using newer developed colla-
gen matrices placed subcutaneously still con-
fuses by conception as the chosen allocation has 
nothing in common with the intra-oral condition 
at the alveolar crest [8].

The narrative review by Elgali et al. offers a 
comprehensive overview regarding material 
characteristics, the benefits and disadvantages of 
several materials, and the evaluation methods 
each material cited was exposed to. Table  18.1 
lists the membrane materials which were exten-
sively investigated for GBR application (reprinted 
with permission). The review included 231 publi-
cations figuring out that the assessment of the 
outcome in preclinical studies is mainly based 
upon histologic and histomorphometric analyses 
[9]. Although this approach requires the termina-
tion of the animal, it represents the standard pro-
tocol which sometimes is supplemented by 
immuno-histochemical observations. Histologic 
evaluation of tissue integration by means of IHC 
can elucidate the vascularization process at the 
interface between soft tissue and the membrane 
and within the body of the membrane. Anti- 
human antibodies such as van Willebrandt factor, 
endothelial cells proliferation, transglutaminase 
1 and 2, etc. are suitable for specific staining of 
the specimens retrieved after a determined heal-
ing period [10].

The visualization and monitoring of such 
dynamic process as bone formation require vari-
ous termination endpoints increasing the number 
of animals and raising the costs of the experi-
ment. The termination of the experimental ani-
mal may be also considered the highest grade of 
invasivity and becomes critical in terms of 
GAP. The group von See et al. suggested a plau-
sible way to follow the capillary changes in the 
periosteum by an in vivo vital microscopy [11]. 
The setup allows for periodical recording of cap-
illary density, vessel diameter, and velocity in the 
healing phase of soft tissues. The capillary 
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Table 18.1 Classification of guided bone regeneration (GBR) membranes according to type of biomaterial (with per-
missions from Elgali et al. [9])

Membrane groups/materials Main advantages Main disadvantages
Synthetic polymers
Polytetrafluoroethylene Inert and stable polymer in the 

biological system
Non-resorbable

Aliphatic polyesters (e.g. PLA, PGA, and PCL) Bioresorbability Lack of rigidity and 
stabilityGood processability and 

manageability
Drug-encapsulating ability

Natural polymers
Collagen and extracellular matrices derived from 
bovine, porcine and human tissues

Bioresorbability

Chitosan Low immunogenicity
Alginate Drug-encapsulating ability

Incorporation of biological 
components

Metals
Titanium and titanium alloy High toughness and plasticity Non-resorbable
Cobalt–chromium alloy
Inorganic compounds
Calcium sulfate Bioresorbability Low toughness and 

plasticityCalcium phosphate (e.g. hydroxyapatite) Osteoconductivity

PCL poly(ε-caprolactone), PGA poly(glycolic acid), PLA poly(lactic acid)

Fig. 18.1 Periflux probe at beagle’s mandible. (Courtesy 
Dr. Kaner/Dr. Friedmann)

 vessels in the periosteum were monitored after 
the application of a membrane or an expanding 
device subperiostally in a sculpt model in rats 
[12]. The Laser Doppler Flowmetry offers the 
chance to monitor the blood perfusion rate in soft 
tissues at various time points representing another 
non-invasive approach to indirectly follow the 
healing process (Fig. 18.1). Once positioned, any 
membrane material counts as a foreign body per 
se, nevertheless membranes are supposed to inte-
grate into the tissues without complications. The 
soft tissue interacts with a high number of mem-
brane characteristics, either in a positive or nega-
tive manner. Thus, the perfusion rate reflects the 
initial healing in the soft tissue in the long-term 
[13–15]. As a series of studies demonstrates, this 
parameter is predictive for dehiscence onset in 
soft tissues 14 days after the surgery. The calcula-
tions reveal that the perfusion rate is predictive 
for the onset of such complication with an area of 
0.8 under the curve [13].

In a pre-clinical setup, the critical-size surgi-
cal defect represents an acute defect within the 
boundaries of the native bone lacking a chance 
for spontaneous osseous healing. This type of 
defect is supposed to be sufficient for approving 

the space-maintaining properties of the mem-
brane. The space-maintaining capacity relates to 
the physical properties and favors solid materials 
which are resistant to deformation and thereby 
withstanding the pressure from the soft tissues as 
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masticatory forces. On the contrary, the opposite 
aspect is the material plasticity, i.e. the ease of 
handling the membrane to merge with the shape 
of the defect. However, once inserted into the 
body there is a lack of methods feasible to moni-

tor the fate of material traits non-invasively in an 
animal (Tables 18.2 and 18.3).

The use of grafting materials in the field of 
GBR basically points to the observation that 
many membranes lack the space-maintaining 

Table 18.2 Experimental in vivo studies evaluating the performance of non-resorbable membranes after modifications 
of the physicochemical properties (with permissions from Elgali et al. [9])

Membrane type/
modification

Experimental 
model

Experimental groups 
(membrane and/or graft 
materials) Main findings

e-PTFE/embedding 
of titanium 
framework in the 
membrane

Peri-implant defect 
in mandible (dog)

1. e-PTFE membrane Ti reinforcement resulted in:
2. Ti-reinforced e-PTFE 
membrane

• More rigid and malleable membrane

• Large and protected defect space for 
better stabilization of blood clot and 
higher bone formation

e-PTFE or Ti/
changing the 
porosity of the 
membrane

Denuded calvarial 
site (rat)

1. Less porous e-PTFE dome 
(8 μm ID)

More porous membranes showed:

2. More porous e-PTFE dome 
(20–25 μm or 100 μm ID)

• Better tissue integration and stability

• More bone formation after 6 weeks
Supra-alveolar 
defect (dog)

1. e-PTFE Sites receiving the occlusive membrane 
showed greater bone regeneration 
compared with sites with a porous 
membrane

2. e-PTFE with 300 μm 
laser-drilled pores

Mandibular ramus 
(rat)

1. Autogenous bone Macroporous membrane facilitated 
greater bone regeneration compared 
with microporous and resorbable mesh 
(membrane)

2. Resorbable PLDLLA mesh 
cube + autogenous bone
3. Microporous Ti mesh cube 
(0.6 mm pore 
size) + autogenous bone
4. Macroporous Ti mesh cube 
(1.2 mm pore 
size) + autogenous bone

Calvaria (rabbit) 1. Ti cylinder covered with 
e-PTFE (semipermeable)

New bone was observed in both cases. 
It was suggested that membrane 
permeability is unnecessary in GBR2. Ti cylinder sealed with cast 

titanium (impermeable)
Calvaria (rat) 1. e-PTFE dome (5 μm ID) PTFE with 100–300 μm pores permits 

soft-tissue invasion, but also allows 
more bone formation at the healing site

2. e-PTFE dome (8 μm ID)
3. e-PTFE dome (100–
300 μm ID)
4. PLGA dome

Mandibular ramus 
(rat)

1. Permeable PTFE 
capsule + DBM

Comparable amount of bone formation 
was observed in the two groups

2. Occlusive PTFE 
capsule + DBM
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Table 18.2 (continued)

Membrane type/
modification

Experimental 
model

Experimental groups 
(membrane and/or graft 
materials) Main findings

PTFE/use of 
non-expanded 
material (d-PTFE)

Calvarial defect 
(rabbit)

1. Semipermeable e-PTFE Whereas the d-PTFE membrane was 
much easier to detach from the 
underlying bone, e-PTFE showed faster 
and higher levels of bone regeneration

2. d-PTFE

Mandibular defect 
(rat)

1. Sham After 10 weeks of healing, whereas 
very little osseous regeneration was 
observed in sham sites, complete 
ossification was observed in the 
d-PTFE-treated sites

2. d-PTFE membrane

Calvarial defect 
(rat)

1. Sham d-PTFE showed more bone formation 
than both e-PTFE and PLA/citric acid 
ester membrane at 2 weeks and 4 weeks 
of healing, respectively

2. PLA/citric acid ester base 
membrane

d-PTFE required less force to be 
removed from the soft tissues

3. e-PTFE membrane
4. d-PTFE membrane (0.2 μm 
ID)

Incorporation of 
calcium phosphate 
material (HA)

Calvarial defect 
(rat)

1. Sham Bone volume was higher in the 
membrane groups and no differences 
were observed between the two 
membrane types

2. e-PTFE membrane
3. Nano HA-polyamide 66 
composite membrane

DBM demineralized bone matrix, d-PTFE dense polytetrafluoroethylene, e-PTFE expanded polytetrafluoroethylene, 
GBR guided bone regeneration, HA hydroxyapatite, ID internodal distance, Ti titanium, PLA polylactic acid, PLDLLA 
copolymer of poly(l-lactide-co-d,l-lactide), PLGA poly(lactide-co-glycolide)

capacity. However, the bone substitutes mainly 
represent osteoconductive scaffolds which will 
be populated by cells invading the bone defect. 
The bone grafts are sought to enhance the cell 
proliferation and to prevent the blood clot shrink-
age while setting. The concordance analysis 
between histomorphometric and radiographic 
outcomes following GBR in a minipig revealed a 
difference in visualizing the mineralization stage 
of the specimen and may have enlightened differ-
ent sensitivity of both methods [16]. The group of 
Elgali et  al. evaluated recently the effects of a 
resorbable membrane and three bone substitutes 
by looking at histology but also at the gene 
expression profile in the osteoclast-osteoblast 
coupling [17].

The non-resorbable membranes are supposed 
to be removed from the site while degradable 
materials will be resorbed by means of enzy-
matic, hydrolytic, or collagenous degradation. 

The initial idea of a barrier kept in place in the 
wound area for a certain period has shifted 
towards different durability of degradable mem-
branes along with the introduction of resorbable 
materials. There is no recommendation derivable 
from today’s perspective regarding barrier lasting 
time required for new bone formation.

Currently, with the aid of nanotechnology and 
tissue engineering, bioactive multifunctional 
(multi-layered membranes) membranes started to 
be designed and investigated in laboratory set-
tings. The functionalization of the resorbable 
membranes is enhanced once by either molecule, 
growth factors (GF), or cells which thereby are 
sought to act as a scaffold and a carrier delivering 
the substances into the wound area. The main 
purpose is to drive new tissue formation by using 
biomolecules such as growth factors and/or anti-
microbials. The effect of loading a native colla-
gen membrane by BMP-9 was demonstrated in a 
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rabbit model histologically confirming the results 
radiographically by μCT [18].

The colonization of the surfaces by cells seed-
ing the cells approves the biocompatibility of the 
membrane material in  vitro in the medium. 
Alternatively, the “air-lift” set-up allowed for 
studying the membrane permeability for nutri-
ents by allocating the cells on top of membranes 
with interrupted contact to the medium [19].

An intriguing recent observation regards the 
ossifying capability of membranes with certain 
qualities either being meanwhile commercially 
available or in development. The ossification of 
the membrane body or its residues represents at 
least partial integration of the material into the 
newly mineralized tissues. Such membrane 
capacity coined osteopromotive quality is 
highly appreciated compared to osteoconduc-
tive properties commonly known for the major 
number of commercially available membranes 
(Fig. 18.2) [20].

Studies using e-PTFE membranes indicated 
that this non-resorbable material had a positive 
activating effect on cells involved in bone forma-
tion. The evaluation of modern materials regard-
ing ossification capabilities is complex. The 
collagen-based membranes either easily integrate 
into soft tissues or disappear completely within a 
few weeks as shown for native collagen mem-
branes or, if cross-linked by non-toxic agents 
they rather undergo integration into the aug-
mented tissues. These two divergent properties, 

however, both make the labeling of the material 
in the experimental body difficult for later dis-
crimination of the membrane residues.

The group of Moses et al. suggested an elabo-
rated approach to follow the degradation of the 
inserted collagen structures such as the mem-
brane body in a pre-clinical setting [21]. By bind-
ing the 
aminohexanoyl-biotin-N-hydroxy-succinimide 
ester complex to the proteins of the test collagen 
it was likely to place a pre-coated membrane 
body into an experimental animal [22]. The pur-
pose was to label the biotin receptors with the 
streptavidin antibody in the retrieved tissues con-
taining the collagen residues as the given healing 
period was completed. The biotin-streptavidin 
antibody reaction helped to visualize the residual 
collagen structure, furthermore, it opened the 
possibility to quantify the angiogenesis within 
the membrane body and gave access to the count 
of macrophages and other immune-responsible 
cells invaded the inserted structures [23] 
(Figs. 18.3 and 18.4). Moses and associates used 
this approach to visualize and quantify the colla-

Fig. 18.2 Socket preservation study in beagle: ossifying residues of RCLC membrane in buccal tissues. (Courtesy Dr. 
Goetz/Dr. Friedmann)

Fig. 18.3 Collagen membrane labelled by biotin embed-
ded into tissues (ex vivo). (Courtesy Dr. Eliezer/Dr. 
Moses)
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Fig. 18.4 Fragment from Fig. 18.3 at higher magnifica-
tion. (Courtesy Dr. Eliezer/Dr. Moses)

gen degradation rate in diabetic rats compared to 
normoglycemic animals [24]. For any reasons, 
this approach hasn’t been extended towards big-
ger animal models yet.

Turri et al. combined different pathways eval-
uating the ossification effect of the membrane 
applied in an animal experiment. Retrieved tissue 
samples were allocated either for the histologic 
and immunohistochemical processing or were 
homogenized and used for the PCR analysis to 
verify the transcription of the osteogenic proteins 
from the cells included in the sample to amplify 
the ossification effects recorded from microscopy 
[25].

In a clinical study, Friedmann et al. used the 
IHC technique to analyze the extension of inflam-
matory infiltrate and invasion of multinucleated 
giant cells into tissues associated with complica-
tions that occurred after a simultaneous bone 
augmentation procedure comparing ribose cross- 
linked collagen membrane with a native collagen 
membrane [10].

The group of Wang et al. developed a method 
to mineralize collagen membranes to enhance the 
surface stiffness during the manufacturing pro-
cess to facilitate bone formation in the bone 
defect [26]. This new type of membrane was 
evaluated by several common methods including 
AFM, Instron tensile tests, the ultrastructural and 
FDXs analysis for estimation of element distribu-
tion and in  vitro experiments. The microscopic 
analysis and RT-qPCR for ALP and immunohis-

tochemical staining for OCN evaluated tissue 
response to the membranes with varying stiffness 
degrees. After coating these membranes with 
MSC the researchers inserted this material sub-
cutaneously to study the ectopic bone formation. 
Smeets et al. looked at the residues of ßTCP or 
HA modified, i.e., enhanced silk membranes 
after 5 and 10 weeks by μCT using a sculpt model 
in rabbits [27].

Monitoring the soft tissue healing process fol-
lowing a membrane placement favors non- 
invasive techniques.

The group of Retzepi et  al. suggests a pre- 
clinical model for the evaluation of GBR under 
systemically compromised conditions. 
Particularly they developed an experimental set-
ting for studying the bone formation process in 
diabetic rats using a subcutaneous pump to inflate 
the test animals with insulin to create hyperglyce-
mia [28]. The methods implemented for analyz-
ing the process at different time points were the 
histologic analysis and histomorphometric 
assessment in the retrieved specimens as a tradi-
tional approach and the microarray technology 
on the cRNA of the samples as a very recent 
methodology.

The same group under Mardas’ first author-
ship introduced another animal model for esti-
mating the effects of Bisphosphonates used for 
the treatment of ovarian ectomized and therefore 
osteoporotic rats on bone formation. The assess-
ment method used was histologic analysis [29].

In a CCT chronologically harvested wound 
fluid samples after using Enamel matrix deriva-
tive in periodontal regeneration gave insights into 
the early steps of soft tissue healing by using a 
multiplex ELISA system [30]. However, even 
none invasive sampling of wound fluid and GCF, 
respectively, is unlikely to perform on a daily 
basis in an animal trial.

In summary, the clear majority of mentioned 
approaches are based upon ex vivo assessment of 
tissue quality, quantity, and composition. Thus, 
the key question remains how to assess the prog-
ress of collagen degradation or integration under 
vital conditions. In extension, the same is true for 
others, i.e., synthetic materials which are used for 
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GBR as well. Obviously, today we are still miss-
ing the ultimate tools and instruments feasible to 
evaluate the process of tissue formation and mat-
uration in  vivo. In terms of product evaluation, 
we are obliged to use a series of animals to deter-
mine various time points to terminate the experi-
ment to get access to the biopsies for ex  vivo 
analysis. The pre-clinical study protocols are 
missing a standardized timeline to assess the 
effects either initiated by placed biomaterials 
themselves or representing the response by the 
host to the intervention.

In conclusion, weighting the most recent 
approaches in membrane research the idea of pre- 
coating the collagen membranes and collagen 
matrices with the biotin complex appears as the 
one bearing tremendous potential in the context 
of studying the degradation and delivery proper-
ties in a pre-clinical study. The quantification of 
residual collagen, the grade of vascularization, 
and cell counts become accessible ex vivo after a 
certain period of healing and integration. The 
PCR methods for investigating the stimulating 
effects on adjacent cells from tissues, where the 
collagen materials were placed into membranes 
appear promising for future research [20] 
(Fig. 18.5).

18.2.2  Studies on Biologics

Biologics is used as a summary term describing 
several bioactive factors proposed to facilitate the 
local regenerative process in the deficient area. 
Pre-clinical studies have evaluated the added 
effect of bone morphogenetic proteins (such as 
BMP-2) and autologous platelet concentrates 
(APCs) in combination with biomaterial scaf-
folds on new bone formation. The BMPs were 
applied either as a single factor or as a mixture of 
different growth factors to enhance the effects in 
the wound area by reducing the dose of every 
single factor. Various carrier systems were sug-
gested containing collagens, particulate xeno-
genic or synthetic substitutes as scaffolds 
favoring an easier control of the concentration 
and the delivery thereby upgrading the 
substantivity.

The pre-clinical studies were carried out in 
rodents and larger animals considering the effects 
of various biologically active materials on the 
bone healing process in cranio-facial surgery. 
The experimental set-up included intra-orally 
created deficient alveolar bone segments requir-
ing vertical or horizontal ridge augmentation pro-
cedures, maxillary sinus grafting, extraction 

Fig. 18.5 Schematic 
description of a 
membrane involvement 
into the process of new 
bone formation. (With 
permissions from Elgali 
et al. [9]) (© Thomsen/
Elgali/Omar)
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socket treatment, treatment at integrated but ail-
ing implants with different surface characteristics 
but extra-orally created defects such as a calvaria 
model also. As claimed by the above-mentioned 
requests for the GBR protocols, a strong demand 
towards the use of critical size defects (CSD) in 
experiments evaluating the biologics pre- 
clinically is disposed of, likewise [31].

The pre-clinical trials estimating the impact of 
Amelogenins on bone healing have been carried 
out in both, subcritical size defects and CSDs as 
well. EMD was applied together with osteocon-
ductive bone substitutes or a PEG hydrogel. 
Again, the main assessment strategy is to analyze 
the outcomes based on histology and histomor-
phometry [31].

The recent review by Calciolari and Donos 
focused on the future of experimental research in 
the field of bone healing and regenerative proce-
dures. The authors claimed that omics approaches 
such as transcriptomics, proteomics, and epig-
enomics will dominate the research activities in 
the close future. The gene expression arrays, pro-
tein expression arrays, and maybe even “sal-
ivaomics” and “materiomics” 1 day will guide 
the decision-making process towards personal-
ized and optimized choice of biomaterials and 
better-weighed strategies in treating a systemi-
cally compromised patient [32].

The combination between a growth factor 
(PRGF) and a particulate bone substitute 
(ß-TCP) has been applied alone to mandibular 
defects or is additionally covered by a resorbable 
collagen membrane in beagles [33]. Other 
groups used the calvaria model in rabbits to eval-
uate the same factor in combination with other 
carrier systems [34].

Autologous platelet concentrates are acquired 
by centrifugation of peripheral blood samples 
resulting either in a Platelet-Rich Fibrin (PRF) or 
Platelet-Rich Plasma (PRP) according to the 
applied centrifugation protocol [35]. A recent 
study compared the acceleration effect of PRF 
with that of hyaluronic acid (HA) in a fracture 
model using the mid-diaphyseal corticotomy in 
rats [36]. The outcomes were assessed histomor-
phometrically and by 3D-radiographic evaluation 
with a CBCT scan at two time points. The effects 

of HA on the degradability of the collagen mem-
branes placed subcutaneously were assessed 
using an above-mentioned diabetic rat model. 
The histomorphometric counts of the membrane 
residues and the estimated number of voids inside 
each residual part of the collagen sample were 
the outcome parameters [37]. A Spanish group 
used customized hyaluronic acid scaffolds with 
and without adipose stem cells (ASCs) for treat-
ing vascular stroke lesions in rats [38]. Counting 
of immature (NF 160  kDa) and mature (NF 
200 kDa) neurofilaments found in the ischemic 
zone in stroke controls, stroke animals after 
placement of biomaterials, and after placement of 
biomaterials with ASC was the primary parame-
ter in this study.

The histomorphometric assessment of BIC 
(bone-to-implant contact) numbers was the most 
popular parameter in studying the effects of 
APCs combined with a carrier in maxillary sinus 
augmentation. Some authors compared the effect 
of PRP added to a xenogenic (bovine) bone min-
eral to that of rh-BMP 7 on DBBM [39] using the 
simultaneous approach for implant placement in 
the sinus cavities in minipigs.

In the field of dental regeneration, most popu-
lar one is probably the Enamel Matrix Derivative 
(EMD). The other group is represented by prod-
ucts based on the natural preparations of hyal-
uronic acid with different molecular sizes and 
available as non-cross-linked or cross-linked 
proteoglycans.

18.3  Use of Autogenous Soft 
Tissue Grafts and Soft Tissue 
Substitutes

The peri-implant mucosa assembly is supposed 
to be as sophisticated as it is around the natural 
teeth and should provide ideal coverage to the 
implant-supporting tissues [40]. The presence of 
healthy peri-implant soft tissue condition is cru-
cial for long-term implant survival. Thus, the 
indications for peri-implant soft tissue augmenta-
tion intend to improve the plaque removal effi-
cacy, facilitate peri-implant tissue stability, and 
enhance aesthetics. If the amount or quality of 

A. Friedmann and A. Akcalı



389

the peri-implant soft tissue is diminished or lim-
ited, the soft tissue condition may be varied by 
using an autogenous soft tissue graft and/or soft 
tissue substitutes, fillers, and enhancers to sup-
port the healing and eventually improve the con-
ditions. In this regard, free gingival grafts (FGG) 
and subepithelial connective tissue grafts (SCTG) 
have been widely recommended. The major 
rationale for developing soft tissue substitutes 
alternatively to the autogenous grafts was the 
limited amount and/or quality of the harvested 
autogenous tissues along with the patient mor-
bidity because of an additional wound area at the 
donor site. Although the devices available today 
appear promising at first glance, meeting basic 
biologic criteria before their application to the 
planned surgical site can be recommended is crit-
ical. The soft tissue substitute is supposed to inte-
grate well at the recipient site by allowing cell 
ingrowth while remaining mechanically and vol-
umetrically stable itself as during and after the 
maturation phase. In the following section mostly 
investigated soft tissue enhancement devices and 
grafts along with their application methods are 
discussed.

18.3.1  Currently Available Concepts 
for Peri-implant Soft Tissue 
Enhancement

18.3.1.1  In Vitro Concepts
The in vitro proof of any new soft tissue device is 
crucial to understand its clinical application 
scope and to control the number of animals used 
in the next step of evaluation which is pre-clinical 
approval. Although the in vitro setting does not 
exactly reproduce the in vivo environment, it may 
serve as a basis for the clinical use of the tested 
materials. Different cell types were involved in 
cell culture studies, hence gingival fibroblasts, 
periodontal ligament fibroblasts, and epithelial 
cells were mostly investigated. The cell response 
to the prototype of a collagen sponge out of por-
cine collagen type I and III has been evaluated 
using an in  vitro dynamic system. It replicated 
the natural forces in the oral cavity, i.e., pressure 
and shear forces [41]. By this system cell viabil-

ity and activity on the collagen sponges have 
been analyzed under different cultivation and 
time conditions. Accordingly, the tested in vitro 
system could imitate the biological and mechani-
cal conditions of the oral cavity to a certain 
extent. However, the investigation of soft tissue 
grafts requires setup that provides mechanical 
stimulations rather than just static conditions. 
Therefore, the adequate transition setting from 
in vitro to in vivo experiments for a better under-
standing of the complexity of wound healing 
events as a response to the applied soft tissue 
device is yet lacking.

18.3.1.2  Pre-clinical Concepts
As for today, the peri-implant soft tissue regen-
eration has mainly focused on increasing the 
peri-implant attached/keratinized mucosa in 
dimension and volume. Soft tissue manipulation 
for this purpose could be performed before or at 
the same time as the implant placement surgery 
or at the second stage surgery or even later when 
the implant has been uncovered already in the 
past. Regarding the outcome of interest, biomate-
rial characteristics in terms of tissue integration, 
cell growth, mechanical/volume stability, and 
wound healing events could be tested in a pre- 
clinical model. Pre-clinical models should be 
suitable to deliver valid information that thereaf-
ter can be translated and replicated when tested in 
human clinical trials. With this regard, histologi-
cal and/or clinical outcome accessories were 
defined and evaluated. Thus, histological param-
eters for the keratinized tissue augmentation are 
so far, the absence of elastic fibers, the presence 
of rete peg formation, apparent keratin layer at 
the epithelium surface. As clinical parameters 
(i.e. macroscopic outcomes) the local tolerance 
of the material (signs or absence of local inflam-
mation/intolerance), the monitoring of volume 
changes over time, the width (e.g. periodontal 
probe) and thickness (e.g. individual stents) of 
the graft, the contraction/shrinkage (e.g. master 
casts out of dental stone), re-epithelization and 
re-vascularization of the augmented soft tissue 
grafts and as final endpoint clinical performance 
of the graft/substitute were considered feasible 
for observation.
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In current research on soft tissue enhance-
ment, mostly larger animal models such as 
minipigs, pigs [42], and dogs [43–48] have been 
selected to investigate soft tissue related events. 
Since various pre-clinical models on soft tissue 
augmentation around teeth [42, 44, 49] were 
reported, in this chapter only models used for 
peri-implant sites were discussed. The earlier 
applied model in dogs [46, 47] had aimed at 
evaluating soft tissue augmentation of single 
tooth gaps with chronic ridge defects using a 
soft tissue device (collagen matrix). Tested 
grafting material was compared with autoge-
nous SCTG as positive control and the sham-
operated group as negative control. The outcome 
measures were volumetric analysis to assess the 
soft tissue volume changes by using master 
casts and histological and computer- assisted 
histomorphometric analyses. The possible 
advantage of this dog model was the intended 
similarity of the created chronic ridge defect to 
the single tooth gap experienced clinically. 
However, this model offered certain disadvan-
tages, as there were differences in individual 
baseline defect shape and extension because of 
the different sizes of the extracted teeth. Thereby 
ridge defects thought to be chronic on the day of 
soft tissue augmentation represented individual 
healing patterns of non-standardized defects in 
each animal included.

The same research group modified their dog 
model for investigating soft tissue volume aug-
mentation around dental implants [43, 48]. The 
model of choice aimed at the evaluation of linear 
and volumetric [43] histological and histomor-
phometric changes [48] after peri-implant soft 
tissue augmentation using a different soft tissue 
device (the volume-stable cross-linked collagen 
matrices). Corresponding groups received either 
the autogenous SCTG as positive control or a 
sham surgery as a negative control. Soft tissue 
augmentation was performed 3 months following 
implant placement with simultaneous GBR.

When these two dog models were compared, 
in the earlier design [46, 47] evaluation has been 
performed in single tooth gaps whereas in the 
newer design single tooth implant sites were 
evaluated and followed up to 6 months. Basically, 

the more recent model assessed under chosen 
conditions the gain in tissue volume in both, the 
buccal and occlusal directions. Histological and 
histomorphometric parameters were biocompati-
bility and local tolerance of the material expressed 
by the horizontal tissue thickness of the aug-
mented graft/device assessed at different time 
points of the evaluation period (4, 8, and 
24 weeks). The most evident finding was that the 
desired clinical endpoint—the tissue thickness—
was undergoing continuous volume decrease 
over the 6-month observation period. Hence, the 
hard and soft tissue remodeling process finally 
rendered limited changes in treated sites.

The search for a valid and reproducible evalu-
ation method for peri-implant soft tissue is ongo-
ing. The proposed three-dimensional analysis by 
using dental casts obtained at different time 
points of evaluation after surgical intervention 
has the potential for being a reliable non-invasive 
method. In principle, baseline (pre- augmentation) 
and post-augmentation impressions are obtained 
and master casts poured out of a scannable dental 
stone and then optically scanned with an indus-
trial scanner and thereafter digitized as standard 
tessellation language files (STL files) [1]. The 
STL files of the casts are transferred into a spe-
cific digital software program to evaluate dimen-
sional changes at the augmented site. Uploaded 
images representing different time points are 
superimposed and matched using the best-fit 
algorithm through tooth surfaces as references. 
Then, the region of interest (ROI) is defined man-
ually in the relevant augmented area by mesial 
and distal papillary midline, the muco-gingival 
junction, and the alveolar ridge crest. By doing 
so, different sites could be directly compared in 
terms of volume changes irrespective of their size 
and the size of the measured area. However, mea-
surement was only limited to the selected ROI on 
top of the keratinized mucosa which could be a 
maximum of 4  mm extended from the 0.5  mm 
apically from the transition between the buccal 
and occlusal plane. That means areas lack of or 
deficient keratinized mucosa did not allow accu-
rate application of the selected methodology and 
eventually peri-implant mucosa in buccal sites 
could be partially evaluated. Thus, this method-
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ological approach could only be performed under 
the experimental conditions with areas having 
enough keratinized mucosa and mucogingival 
junction without coronal displacement at surgical 
site.

18.3.2  Limitation of the Current 
Pre-clinical Models

Although reported findings from available exper-
imental models especially from dogs were prom-
ising there are critical points that should be 
considered before conducting a pre-clinical trial. 
There are fundamental issues that are important 
for the correct interpretation of the findings. 
Integration of augmented soft tissue/substitute to 
the recipient site and replacement by host con-
nective tissue and long-term stability with a natu-
ral color match and minimum amount of 
shrinkage are expected clinical endpoints. 
However, present models are less than ideal for 
measurements of clinical function and for evalu-
ating the effects of various forces on tissues. For 
instance, the tested collagen matrix still seems 
not strong enough to resist compression forces 
even if it originated from suturing on top of the 
material. Moreover, unpredictable swelling of the 
surgical site during the first phases of the wound 
healing process originating from the physical 
characteristics of the substitute might cause 
wound dehiscence which thereafter ends up with 
volume loss of the augmented tissue. Another 
critical disadvantage is the possible growth of the 
animals during the study period resulting in dif-
ficulties in performing the clinical measurements, 
also markings serving as reference points may 
disappear.

Apart from these challenges, visualization of 
the defects in small animal models could also be 
accounted as a disadvantage. Also in these mod-
els, limited space of the surgical site is an impor-
tant anatomical difficulty that might restrain the 
organization of the blood clot and the selective 
cells that are required for soft tissue regeneration 
[50]. Thus, the models used in the current litera-
ture may not necessarily represent the clinical 
scenario of the wound site after peri-implant sur-

gery. Depending on the research objective the 
researcher should decide correct animal model 
and plan each step according to the intended sur-
gical intervention.

18.3.3  Factors That Influence 
the Outcome

Today still knowledge gaps existed on the factors 
that potentially influence the outcome of peri- 
implant soft tissue augmentation procedures. 
Techniques used for soft tissue management 
including incision/flap design and suturing tech-
niques are important elements that contribute to 
the outcome assessments either qualitative or 
quantitatively [51].

Figure 18.6 represents factors influencing the 
success of soft tissue volume augmentation 
(Fig. 18.6). Each factor including the location of 
the soft tissue augmentation (horizontal vs. verti-
cal), flap preparation, the thickness of the flap, 
handling (trimming yes/no, wet vs. dry applica-
tion) and thickness of the graft/substitute, the dis-
tance of the graft/substitute to the wound margins, 
the and environment which healing take place 
and wound closure should be carefully addressed 
before and during the procedure. Among all, the 
first factor is the location of the soft tissue aug-
mentation. The surgical area of interest might 
involve soft tissue and/or bone. In other words, 
soft tissue volume augmentation could be per-
formed limited to the buccal side of the implant 
(horizontal) or on the top of the implant  (vertical). 
In horizontal soft tissue volume augmentation, 
soft tissue could be placed either supra-periosteal 
or sub-periosteal. Briefly, there could be two dif-
ferent clinical scenarios, first the buccal surface 
of the implant covered with bone or a biomaterial 
which means the soft tissue component includes 
the periosteum and the second scenario might be 
the lack of bone at the buccal surface of the 
implant which might be interpreted as insuffi-
cient bone support or unsuccessful guided bone 
regeneration. It is important to note that when 
there is bone dehiscence around the implant as 
presented second clinical scenario peri-implant 
recipient site might serve as “avascular implant 
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Fig. 18.6 Factors 
influencing the success 
of soft tissue volume 
augmentation. (Figure 
courtesy of Kerem 
Odabaşı)

surface”. In this situation, avascular implant sur-
face area should be assessed and included in 
baseline site characteristics. In vertical soft tissue 
augmentation, soft tissue/substitute might be 

placed supra-crestal or sub-crestally. Sub-crestal 
placement of the soft tissue/substitute would be 
advantageous by its favorable vascular supply 
originating from the bone compared to its supra 
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placement. It is known that peri-implant tissues 
have lesser blood supply compared to the tissues 
surrounding the natural teeth. Therefore, the 
involvement of the periosteum and bone in the 
recipient site positively influences the vascular 
characteristics of the area. The second and third 
factors are the flap thickness and its preparation 
modality. Buccal pouch, tunneling, and apically 
positioned flap with or without realizing incision 
could be performed while preparing the recipient 
site. The decision should be given according to 
the presence/absence and dimension of keratin-
ized mucosa which in turn affects the extension 
of soft tissue displacement. During the recipient 
site preparation split or full thickness flap eleva-
tion can be intended

The choice of flap preparation would further 
have attributed to the vascular supply of the 
recipient site. Basically, the full-thickness flap on 
top of the ridge and the lingual side and split- 
thickness flap leaving a limited amount of tissue 
at the recipient site is beneficial in maintaining a 
relatively thick soft tissue flap. This approach 
may provide the site with a sufficient vascular 
supply which is a preventive measure to avoid 
soft tissue dehiscence at the recipient site.

The fourth factor is related to the handling of 
the material. Trimming of a substitute/graft has 
mostly been preferred by the clinician to match 
the size of the tested material to the control mate-
rial or to the recipient site. The application 
modality of a material either wet or dry should be 
decided according to the features of a material. 
This factor then will have an influence on the fifth 
factor which determines the thickness of the sub-
stitute/graft. Soft tissue graft can be placed in one 
layer (non-folded) or folded (fold into half) and 
the decision should be given according to the 
needs of the recipient site. But it should be kept 
in mind that thick substitutes (e.g., 2–3 mm) may 
initiate wound dehiscence due to the unpredict-
able post-operative swelling. The sixth factor is 
related to the distance of the substitute/graft to 
the wound margins (≈1–1.5  mm is recom-
mended) to avoid undesired wound dehiscence. 
The seventh factor influences the healing modal-
ity of the graft/substitute. Soft tissue could be 

covered by a flap or left uncovered. According to 
the material characteristics epithelial invagina-
tion and loss of soft tissue volume should be 
anticipated when the material is left uncovered. 
The last important factor is the mobilization of 
the mucosal flap in a tension-free manner by 
placement of muco-periostal-releasing incisions 
to provide close wound adaptation. A palatal 
island flap could also be preferable to allow 
tension- free closure. Correct and stable position-
ing of the soft tissue graft/substitute can be 
achieved by the selection of the correct suturing 
technique. It is recommended to place a horizon-
tal matrix suture together with a single inter-
rupted suture.

In a nutshell, it is desirable to plan the research 
protocol accounting for the conditions of the 
recipient site and in accordance with material 
characteristics.

18.3.4  Clinically Relevant Emerging 
Endpoints

Investigation of the materials for possible 
replacement of autogenous grafts goes back to 
the studies performed by Wainwright in 1995 
[52]. So far, several prototypes have been tested 
and among them histologically evaluated soft tis-
sue substitutes were acellular dermal matrix graft 
(ADMG), collagen matrices (CM), human 
fibroblast- derived dermal substitute (HF-DDS), 
and human skin equivalents (bilayered cell ther-
apy). Autogenous SCTGs are still considered to 
be the gold standard because of their less 
 shrinkage rates over time [53]. Also, most impor-
tantly when the autogenous graft is well adapted 
to the recipient site and the flap is well adapted 
above the graft and the healing process imposes 
the absence of hematoma at the graft-recipient 
site and graft-flap interface the outcome will be 
predicted as successful if finally, the elimination 
of the micro-movement in augmented tissue and 
flap was achieved. These rules are also valid for 
the tested biomaterials in the field of soft tissue 
regeneration to reach the gold standard. Future 
research should cover the following endpoints.
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• Evaluation of volume changes in different 
time points allows clinicians to determine his-
tological and volumetric changes over time.

• The follow-up period should be extended 
according to the required/predicted/antici-
pated period the complete maturation of the 
graft/substitute will last for.

• The extended follow-up protocol which cov-
ers the implant loading period may enable for 
monitoring the soft tissue response to the load, 
strain, and pressure.

• The long-term (up to 12 months) assessment 
of postoperative shrinkage in terms of substi-
tute composition is emerging.

• The recipient site conditions should be stan-
dardized in terms of baseline defect character-
istics, i.e. clearly either including or excluding 
the hard tissue deficiency. The presence of a 
bone deficiency determines the recipient site 
constitution bringing the substitute into direct 
contact with an implant surface.

• The size of the graft or material used in the 
control group should be standardized and 
matched in size to the tested material. 
Harvesting a standardized dimension of the 
autogenous graft should be possible by using a 
soft tissue punch with varying dimension 
ranges [54]. The same soft tissue punch could 
be also used to trim a substitute for standard-
ized dimension. By following this proposal, 
dimensional variations of graft/substitutes 
originating from differences in their thickness 
can be avoided.

• It appears important to discriminate the local-
ization of the augmented graft which either is 
placed buccal side of the implant (horizontal 
component) or on top of the implant extending 
over the occlusal side of the crest (horizontal 
and vertical component). This point is crucial 
while formulating the clinical question and 
focusing the research protocol on exactly the 
question raised by the investigator.

• The investigation of the real amount of con-
nective tissue after grafting is emerging. 
Because the increase in thickness could not be 
attributed solely to the increase in soft tissue 
components but also to hard tissue compo-
nents by new bone formation.

According to today’s evidence, data on soft 
tissue devices for similar indications are limited 
to pre-clinical data [55] and yet not widely used 
for volume increase around dental implants. 
Recently, a randomized controlled clinical trial 
has been conducted to compare volume-stable 
collagen matrix with autogenous SCTG after 
peri-implant soft tissue augmentation but the out-
comes were unfortunately followed up to 
3 months only [56].

18.3.5  Future Perspectives

Future pre-clinical studies should be adequately 
powered and consider valid primary outcome 
assessments that are relevant for clinical situa-
tions (e.g. use of non-histological surrogate mea-
sures that can be measured clinically) [57]. 
Animal models should be selected according to 
the study design and clear/targeted/refined end-
points should be chosen before the initiation of 
the study.

Comparison of the findings from different set-
tings with similarly focused clinical questions 
and later conveying the best established basic soft 
tissue model to the clinical setting is emerging. 
The rationale to have a basic model which has a 
standard gingival defect is to minimize bone 
regeneration in deficient sites because of tooth 
extraction and allow volume changes mainly 
through augmented soft tissue.

Although the innovation is ongoing in ex vivo 
models, still pre-clinical testing for new materials 
is needed in biomedical science before testing 
them clinically. Therefore, the key question of 
any pre-clinical animal study must include the 
most possible way to transfer the pre-clinical 
results to the human circumstances. There is still 
a need to find the most reliable, objective, and 
reproducible method to measure soft tissue thick-
ness in both two- and three-dimensional. Because 
the understanding of the peri-implant mucosa in 
a dimensional manner may guide clinicians to 
predict critical physiological requirements and 
aesthetic demands of the restoration [58]. It is 
forthcoming that with the aid of emerging tech-
nologies techniques used for evaluating and com-
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paring the soft tissue augmentation outcomes 
will develop in order to meet valid and predict-
able measure goals.
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19Biomarkers for Implant Dentistry 
Studies

Troy McGowan, Pingping Han, and Sašo Ivanovski

19.1  Importance of Monitoring 
the Peri-implant Health

Modern implant therapy is a predictable treat-
ment modality with high survival rates reported 
in the long term [1]. However, survival rates are 
no longer considered the gold-standard measure 
of implant outcomes, and implant success, 
defined as the absence of technical and biological 
complications, is more clinically relevant in con-
temporary clinical practice. Reported success 
rates are much lower than the figures quoted for 
implant survival [2] and peri-implant disease is a 
significant contributor to the discrepancy between 
these two outcome measures. Peri-implant muco-
sitis and peri-implantitis are the two most com-
mon peri-implant diseases. Peri-implant 
mucositis is defined as Inflammation in the 
absence of progressive hard and soft tissue loss, 
and when the host immune response becomes 
dysregulated to the point that progressive hard 
and soft tissue destruction is clinically evident, a 

diagnosis of peri-implantitis can be made. The 
prevalence of peri-implant mucositis is reported 
to be between 19–65%, while figures of 0–47% 
have been reported for peri-implantitis [3]. 
Studies investigating the treatment of peri- 
implantitis report a wide range of clinical out-
comes and a recent systematic review concluded 
that there is currently insufficient evidence to 
support one treatment modality over another [4]. 
The difficulty in predictably achieving favorable 
clinical outcomes when treating peri-implant dis-
eases highlights a need for regular assessment of 
peri-implant health in order to prevent or reduce 
disease occurrence. The importance of clinical 
monitoring and accurate diagnostic markers 
becomes even more important when one consid-
ers that the infectious etiology of peri-implantitis 
is not the only way bone can be lost from around 
a loaded implant. Marginal bone loss has been 
reported around implants due to deep implant 
placement [5], the presence of a micro gap [6], 
inadequate surrounding bone [7], poor surgical 
technique, subgingival cement [8], macro and 
micro design features [9], foreign body reaction 
and adverse interfacial strain [10]. When moni-
toring implant health clinically, the presence of a 
deep pocket or marginal bone loss does not auto-
matically equate with a diagnosis of peri- 
implantitis. Other diagnostic methods are 
required to ensure that the correct etiology for the 
bone loss is determined, in order to allow for the 
correct clinical management to be implemented.
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It has been shown that ongoing maintenance is 
able to significantly reduce the incidence of peri- 
implant disease [11], and although compliance 
rates are higher in implant patients than those 
with periodontitis [12], the literature is still 
reporting an increasing burden of peri-implant 
disease [3]. Low-cost, sensitive, specific, and 
easy-to-use diagnostic markers will be of the 
utmost importance for monitoring peri-implant 
health and in preventing peri-implant disease in 
an age where dental implants as a treatment 
modality are experiencing a meteoric rise in pop-
ularity. It is in this area that biomarkers of disease 
initiation, progression, and regression will have a 
critical role in the ongoing maintenance of osseo-
integrated implants.

19.2  Looking Behind: Clinical 
Diagnostic Tools

The soft and hard tissues surrounding an osseoin-
tegrated implant have been described as “scar tis-
sue resulting from healing after a surgical 
procedure” [13]. In the majority of cases, there 
are no inserting (perpendicular) collagen fibers, 
the vascularity of the tissue in the immediate 
vicinity of the implant surface is reduced when 
compared to teeth [14], and the bacteria are in 
close proximity to the connective tissue without 
the presence of an epithelial barrier [15]. For 
these reasons, traditional clinical markers of 
assessing the health of the gingiva, such as pocket 
depth and bleeding on probing, may not be as 
accurate in the diagnosis of peri-implant disease.

Currently, assessment of peri-implant health is 
accomplished through the use of a periodontal 
probe and consecutive radiographs, which allow 
assessment of the soft tissues and marginal bone 
heights over a defined time period. Around 
healthy implants, it has been shown that the peri-
odontal probe will penetrate deeper (come to rest 
closer to the alveolar crest) than around a healthy 
tooth [16]. This discrepancy is greater in the pres-
ence of inflammation [17, 18]. Angulation has 
also been shown to affect the accuracy of probing 
around implants. This is especially the case in the 
presence of the prosthetic superstructure. Serino 

et  al. [19] showed that when diseased implants 
were probed with and without the prosthesis 
present, only 37% of measurements remained 
consistent. In the majority of cases, there was 
over or underestimation of the actual depth of the 
peri-implant sulcus. The authors did report that 
when an implant is probed upon removal of the 
superstructure, the pocket depth recorded was an 
accurate reflection of the bone loss experienced. 
Lang et  al. [17] concluded that although the 
probe penetrated deeper into inflamed peri- 
implant tissues compared to health, probing was 
an accurate technique to assess the status of the 
peri-implant mucosa. With regards to bleeding 
on probing as a diagnostic tool, the literature is 
less clear. Jepsen [20] and Luterbacher et al. [21] 
stated that bleeding on probing was a reliable 
indicator of disease although these studies both 
had some shortcomings. Jepsen et  al. [20] did 
not use radiographs to confirm peri-implantitis 
diagnosis and Luterbacher et al. [21] did not out-
line the number of healthy sites that also experi-
enced bleeding on probing. Ericsson and Lindhe 
[16] evaluated bleeding on probing around 
implants in a dog model and concluded that 
almost all healthy implant sites bled. When this 
is combined with the knowledge that the probe 
penetrates further into the tissues around an 
implant, bleeding on probing could be seen as a 
less reliable indicator of inflammation around 
implants. This point would seem to be reinforced 
by treatment studies that evaluate the stability of 
the marginal bone after treatment. It has been 
shown that, although marginal bone levels 
remain constant for as long as 7 years post-treat-
ment, if bleeding on probing is included in the 
success criteria the percentage of sites deemed to 
be successful is much lower [22].

Further to the shortcomings highlighted 
above, traditional forms of diagnosis suffer from 
an inability to detect disease prior to its occur-
rence and from being unable to quantify the 
severity of the disease or the response to treat-
ment. Radiographic bone loss, pocket depth, and 
bleeding on probing are all linear measures of 
past or present disease and have very little clini-
cal utility in determining future outcomes. Given 
that peri-implantitis has been shown to have a 
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spontaneous [23] and accelerated disease pro-
gression [24], and is more difficult to predictably 
achieve conventional clinical success regardless 
of the treatment modality employed, the impor-
tance of a useful diagnostic test prior to the estab-
lishment of disease is emphasized.

Notably, epidemiological, retrospective, and 
interventional studies evaluating peri-implant 
diseases all suffer from a lack of case definition, 
with some authors defining peri-implantitis as 
bone loss beyond that which is expected by phys-
iological remodeling [25] while others, recogniz-
ing the limitation of current diagnostic tools, use 
the cutoff of ≥2  mm of bone loss from the 
expected bone crest [26]. This lack of consensus 
highlights the difficulty of traditional clinical 
diagnosis in determining the presence and sever-
ity of peri-implant disease and highlights a need 
for the exploration of alternative methods for the 
assessment of peri-implant tissue status.

Currently explored alternative methods of 
diagnosis include the evaluation of biomolecules 
or biomarkers present in the peri-implant sulcular 
fluid and saliva, which represent both local and 
systemic markers of disease [27]. These biomark-
ers can arise from a number of pathways in the 
pathogenic process of peri-implant diseases, such 
as the microbiota of the diseased or healthy site, 
the inflammatory process initiated in response to 
microbiota, or the destruction of the tissues 
caused by the immunoinflammatory lesion. In 
the literature biomarkers have been further sepa-
rated into their “omics” constituents; microbi-
ome, proteome, metabolome, transcriptome, 
exosome, genome, and epigenome (Table  19.1) 
accentuating the diversity of molecules that can 
potentially be examined for diagnostic applica-
tions. It is accepted that the probability of a single 
biomarker being both sensitive and specific 
enough to be used as a sole marker of disease is 
very low, and it is most likely that a combination 
of markers tested concurrently will provide a 
diagnostic test with the required fidelity. Also, 
although systemic markers of inflammation (such 
as C-reactive protein) have been used in the study 
of periodontitis, due to the localized rather than 
generalized nature of peri-implant disease, it is 
very unlikely that biomarkers extracted and ana-

lyzed from serum will provide any useful indica-
tion of disease initiation or progression, and 
therefore the majority of the focus from a scien-
tific and clinical perspective has been on the oral 
biofluids of saliva and peri-implant crevicular 
fluid (PICF).

19.2.1  Saliva

Saliva is a biofluid that contains a multitude of 
biomolecules, both human and other species (i.e., 
bacteria, fungus, and virus [28]) and has been 
described as a “mirror” for both oral and sys-
temic health [29]. It is composed of secretions 
from the parotid, submandibular, and sublingual 
major salivary glands as well as minor salivary 
glands and transudates from the oral mucosa, 
oropharynx, lingual and palatine tonsils, and the 
gingival/peri-implant fluid. Saliva harbors host- 
response and microbial molecules as potential 
biomarkers for peri-implantitis, including tissue 
breakdown products, SARS-CoV-2 virus [30, 
31], inflammatory cytokines, leucocytes, genetic 
materials, circular RNA [32], extracellular vesi-
cles [33–37] and proteins. The method of collec-
tion can therefore have a profound effect on the 
composition of the sampled saliva and unless 
harvested via cannulation of a specific duct can 
be expected to contain a variety of secretions and 
should be referred to as a whole mouth fluid [38, 
39]. Saliva is simple, cheap, and easy to collect, 
and is, therefore, a highly desirable body fluid for 
the examination of biomarkers for use in a clini-
cal context [40, 41]. Salivaomics was the term 
proposed in 2008 to describe the study of the 
“omics” constituents of saliva [42] and since then 
research has begun to explore the various mole-
cules present (Table  19.2) [40, 43]. Validated 
tests using salivary diagnostics for the detection 
of certain forms of pancreatic, oral, breast cancer, 
and COVID-19 pandemics [28] have been 
reported highlighting the clinical potential of 
saliva as a diagnostic tool [40].

There are some limitations to using saliva that 
need to be considered when investigating its 
potential as a diagnostic tool. Firstly, saliva sam-
ples are taken distal to the disease site (compared 
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Table 19.1 Overview of potential areas of exploration regarding biomarkers in oral fluids

Description Testing methods
Epigenome Epigenetics describes changes in gene expression that are not directly 

coded into a gene’s DNA sequence and are usually a result of 
environmental changes resulting in DNA methylation or histone 
modification or non-coding RNAs [44]

• Methylation-specific 
PCR + pyrosequencing
• Methylated DNA 
immunoprecipitation NGS
• Genome-wide bisulfite 
sequencing
• Microarray
Chromatin 
ImmunoPrecipitation 
(ChIP) of histone

Exosome or 
small 
extracellular 
vesicles

Studies exosomes - nanoparticles (30–200 nm) secreted by various 
cells into the extracellular environment that is thought to act by 
transporting lipids, proteins, and other molecules to cells, where they 
affect changes in function and physiology [40]

• Ultra-filtration
• Ultracentrifuge
• Polymer-based 
precipitation
• Immunological separation
• Size- exclusion 
chromatography

Genome Genome studies usually fall into one of two general types: Genome- 
wide association studies (GWAS) where the whole genome is 
investigated to determine if there are any genetic loci associated with 
the disease phenotype of interest and candidate genome association 
studies, where gene selection is done a priori and allele frequency is 
compared in cases and controls

• Sanger sequencing
• Nanopore DNA 
sequencing
• Sequencing by synthesis 
(Illumina)
• Pyrosequencing (454)
• Genome amplification 
and genotyping
• PCR-RFLP

Metabolome Evaluates endogenous and exogenous metabolites, potentially 
providing data on physiological and disease status

• Liquid chromatography- 
mass spectrometry
• Raman spectroscopy
• Capillary electrophoresis
• Time of flight mass 
spectrometry

Microbiome There are more than 700 bacteria in the oral cavity, 32% of which are 
uncultivatable [46]. With the completion of the Human Oral 
Microbiome Database (HOMD), high throughput techniques can now 
be used to determine the resident microflora in both health and disease

• 16S rRNA sequencing
• Shotgun metagenomics 
sequencing
• Light microscopy
• Culture studies
• DNA-DNA hybridisation
• ELISA
• Pyrosequencing
• PCR

Proteome Saliva has been shown to contain more than 2000 proteins which are 
thought to function in health to maintain homeostasis, and in disease to 
perpetuate/reduce or resolve inflammation. It has however been shown 
that proteins in saliva are degraded rapidly when compared to those in 
the serum [45] and therefore specialized techniques must be used 
during the collection of oral fluids for the use of proteome analysis.

• Liquid chromatography- 
mass spectrometry
• ELISA
• SDS-PAGE
• Multiplex protein array
• Flow cytometry
• Cytokine array

Transcriptome The transcriptome consists of RNA molecules (both micro and 
messenger) which are involved in a number of important biological 
processes both in health and disease. Recent data suggests that there 
are more than 3000 different mRNAs and 300 microRNAs present in 
saliva [40]

• RNA-sequencing
• Microarray
• RT-PCR
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Table 19.2 Candidate biomarkers for the study of peri- 
implantitis reported by the literature

Pro-inflammatory 
cytokines

• IL-1β, IL-4, IL-6, IL-10, IL-12, 
IL-17, TNF-α

Anti- 
inflammatory 
cytokines

• IL-4, IL-10, IL1 receptor 
antagonist, IL-13

Chemokines • IL-8, macrophage-derived 
chemoattractant, eotaxin, monocyte 
chemoattractant protein3, 
macrophage inflammatory protein 1

Growth factors • VEGF, FGF-2, PDGF-BB, 
GM-CSF and FMs-like tyrosine 
kinase-3 ligand

Modulators of 
the immune 
response

• Soluble human CD40 ligand, 
IL-17, IL-12p40, IL-12p70, IL-2 
and IL-15

Enzymes 
responsible for 
tissue 
degradation

• MMP-1, MMP-3, MMP-8, 
MMP-13, elastase, alkaline 
phosphatase, receptor activator of 
nuclear factor kappa-B ligand 
(RANKL), cathepsin-K

Other molecules • C-telopeptide, α2-macroglobulin, 
osteocalcin, deoxypyridinoline, 
myeloperoxidase, nitrite, 
osteoprotegerin, sclerostin

to PISF which is proximal) and therefore have no 
relevance at the site level providing information 
only at the patient level. Resting saliva volume 
varies significantly among subjects, and secretion 
and composition can be affected by a variety of 
factors including diet and oral hygiene. Finally, 
although saliva is a reservoir of gingival or peri- 
implant sulcular fluid allowing easy collection of 
a sample of these fluids and their analytes, there 
is significant dilution (~1000 times diluted 
 compared to blood) that occurs requiring the use 
of highly sensitive arrays [47].

19.2.1.1  Saliva Collection Methods, 
Preparation for Analysis

The whole saliva can be collected unstimulated 
or stimulated [48]. The collection of unstimu-
lated whole saliva is preferred diagnostically 
since stimulated saliva is frequently more dilute 
which makes detection of biomarkers more dif-
ficult. Unstimulated saliva is however affected 
by numerous factors, such as the degree of 
hydration, body posture, the position of the 
head during collection, drug, and circadian 
rhythm [49].

Stimulated saliva can be obtained through 
either masticatory (paraffin wax, unflavoured 
chewing gum base, rubber bands, and cotton 
puff) or gustatory (citric acid and sour candy 
drops) stimulation. Stimulated saliva represents 
the secretion during food intake (in the mouth for 
up to 2 h), and is affected by various factors, such 
as gland size, food intake, gag reflex, and stimu-
lation method [50]. Based on these merits and 
drawbacks, unstimulated whole saliva offers an 
accurate method for the analysis of salivary gland 
status, while stimulated saliva is useful for the 
study of the functional reserve [51].

Guidelines for Collection of Saliva
• Avoid high sugar/acidity, or high-caffeine 

foods immediately before sample collection, 
since they might compromise the assay by 
lowering saliva pH and increasing bacterial 
growth [52].

• The collection is preferably done between 8 to 
11  am (if possible). The participant should 
preferably not eat a major meal or drink 1 h 
prior to saliva collection.

• Teeth cannot be brushed 45 min prior to sam-
ple collection.

• Rinse mouth with water to remove food debris 
and wait for at least 10  min after rinsing to 
avoid dilution of the collected sample.

• If visibly contaminated with blood, the sample 
should be discarded.

• The participants should avoid smoking for at 
least 2 h prior to collection.

Methods for Collection of the Whole Saliva
The methods available presently for the collec-
tion of the whole saliva include spitting, draining, 
suction, and swab methods [48, 53].

• Spitting method: The participant spits out into 
a sterile falcon tube and is encouraged to place 
the tube on ice while collecting more saliva. 
This method collects approximately 5  mL 
volume.

• Draining method: The participant sits quietly 
with the head bent down and allows passive 
saliva collection from the lower lip into a ster-
ile falcon tube.
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• Suction method: Saliva is allowed to accumu-
late in the mouth and then is collected via con-
tinuous aspiration using micropipettes, 
syringes, and an aspirator or saliva ejector.

• Swabbing method: The participant is asked to 
chew a synthetic gauze sponge, pre-weighed 
swab, or cotton pad into the mouth. Saliva- 
soaked sponge is removed and placed in a 
sterile test tube. This method is mainly used in 
the monitoring of drugs, hormones, or 
steroids.

Processing and Storage for Downstream 
Analysis
All the procedures must proceed on ice.

• Place the saliva sample into cryotubes with 
500 μL per tube. Each 500 μL sample can be 
processed for storage according to the 
expected endpoint analysis (e.g., protein, 
RNA, or DNA analysis).

• Add the protease inhibitors (1  mM phenyl-
methylsulfonyl fluoride) to the sample 
intended for protein analysis. Add RNase 
inhibitors (5–10 U) to each sample intended 
for RNA analysis.

• Store all samples at −80 °C.
• For some protocols that require cell-free 

supernatant fraction from the whole saliva, 
vortex the whole saliva and spin the entire 
sample at 300–2000  g for 15  min at 
4 °C. Remove the supernatant and transfer the 
fractions to a new cryotube. Add the RNase 
inhibitor or protease inhibitors as described 
above. Then, store all fractions and the pellet 
at -80 °C.

• DNA analysis can be obtained from a 500 μL 
whole saliva sample. Do not discard the pellet 
if a DNA test is required. DNA is stable at 
room temperature for up to 5 days, or multiple 
freeze-thaw cycles, without compromising the 
quality of DNA [54].

19.2.2  Peri-implant Crevicular Fluid

Peri-implant sulcular fluid is a tissue-derived 
interstitial fluid in health and an inflammatory 
exudate in disease. PICF volume has been shown 

to increase with inflammation and has been sug-
gested as a quantitative marker for peri-implant 
gingival inflammation [55, 56], and there are 
studies that report no difference in volume 
between sites diagnosed with mucositis and peri- 
implantitis [57]. A number of studies have evalu-
ated the presence and concentration of 
biomarkers in the PICF and although the general 
consensus is that some biomarkers are upregu-
lated at diseased compared to healthy sites, the 
reported data varies significantly [58]. Currently, 
there is no consensus on the biochemical con-
stituents and their levels/concentrations in PICF 
in health [59] and more work needs to be done to 
establish the biochemical milieu and baseline 
levels of biomarkers in non-diseased sites. The 
limited flow of PICF and the variability of rest-
ing volume also present a problem for research-
ers. These shortcomings have resulted in a 
variety of measurements being reported and 
comparisons between studies are difficult. PICF 
is also the oral fluid with the lowest protein con-
tent [60] which means that assays with high 
amplified sensitivity and detection limits should 
be used, instead of commercial kits designed for 
testing media such as serum with significantly 
higher protein content.

Javed et al. [61] conducted a systematic review 
in order to assess the cytokine profile of PICF in 
patients with peri-implantitis. They concluded 
that although there is evidence to suggest that the 
levels of pro-inflammatory cytokines are elevated 
in the PICF of patients, further study was required 
to assess the diagnostic utility of biomarkers in 
the detection of early peri-implant changes.

19.2.2.1  Collection Methods, 
Preparation for Analysis

Similar to gingival crevicular fluid (GCF), the 
volume of PICF can be affected by numerous 
lifestyle factors, including mechanical factors 
(from chewing coarse foods, and vigorous brush-
ing), smoking status, sex hormones, and circa-
dian periodicity [62]. A variety of methods are 
available to collect PICF, including gingival 
washing techniques, microcapillary tubes or 
micropipettes, and absorption techniques (via 
absorbent filter paper strips or paper points) 
[63–65].
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Guideline for the Collection of PICF
• PICF should be collected prior to probing, to 

avoid blood contamination.
• The collection is preferable in the morning, 

2–3 h after breakfast.
• The sites to be sampled should be isolated 

with cotton rolls to avoid saliva 
contamination.

• Gently air dry the selected sites; supragingival 
plaque should be removed without touching 
the marginal gingiva.

• Collect PICF by carefully inserting the chosen 
collection device into the sulcus/pocket until 
mild resistance is reached (1–2  mm into the 
pocket) and hold in place for 30 s.

• Between samples, clean the jaws with an alco-
hol swab and allow them to dry.

• The PICF volume should be recorded (if pos-
sible), as well as whether the samples are ana-
lyzed individually or pooled.

• All samples containing blood should be 
discarded.

Collection Methods
• Washing technique: This method involves a 

device consisting of two injection needles 
placed one inside the other. During the sam-
pling, the thinner “ejection needle” is at the 
bottom of the pocket and the “collection nee-
dle” is at the mucosal margin. The washing 
solution (0.9% sodium chloride) is manually 
ejected into the crevice and immediately 
drained through the collection needle into a 
sample tube by continuous suction [66].

• Microcapillary Technique: PICF can be 
obtained by placing a calibrated volumetric or 
non-calibrated microcapillary pipette at the 
entrance of the gingival sulcus and gently 
touching the gingival margin [67].

• Absorption technique: This technique is 
divided into extracrevicular and intracrevicu-
lar by using paper strips, or paper points. The 
first one is performed by placing paper strips 
over the gingival crevice to reduce trauma. 
The second method is the intracrevicular tech-
nique which is most commonly used and is 
subdivided into superficial and deep, depend-
ing on the depth of strip insertions into the 
gingival sulcus or periodontal pocket.

Sample Process and Storage
• The collected samples should be placed on ice 

prior to elution (immediately after collection), 
at 4 °C overnight into 50–500 μL phosphate- 
buffered saline (PBS).

• Gently vortex for 15 s and centrifuge the sam-
ples at 300–3, 000 g for 5 min at 4 °C; both 
paper points/strips and supernatant should be 
kept frozen at −80 °C prior to analysis.

• Add the protease inhibitors (1  mM phenyl-
methylsulfonyl fluoride) to the sample 
intended for protein analysis. Add RNase 
inhibitors (5–10 U) to each sample intended 
for RNA analysis.

19.3  Proteins Biomarkers 
of Peri-implantitis

The anatomy of the PI tissues results in some dis-
tinct differences in the histological presentation 
of the PI lesion when compared to periodontal 
disease. Lack of epithelial barrier at the apical 
extension of the inflammatory cell infiltrates 
around implants [15] potentially results in greater 
infiltration of bacterial products resulting in a 
larger inflammatory response. Carcuac et al. [68] 
showed that the PI lesion is almost twice the size 
of a comparable periodontal lesion and that the 
infiltration of plasma cells, macrophages, and 
lymphocytes is significantly greater than in peri-
odontal lesions. The same authors reported that 
the vascular density was much higher in the CT 
zone surrounding the PI lesion compared to the 
comparable periodontal lesion. They hypothe-
sized that this resulted in a long distance for 
migrating lymphocytes to travel in order to reach 
the PI lesion. Despite these anatomical and histo-
logical differences, the underlying mechanism of 
tissue destruction is considered to be similar in 
both PI and periodontitis, meaning that protein 
biomarkers of inflammation, epithelial, connec-
tive tissue, and bone destruction as well as mark-
ers of bone remodeling have all been evaluated in 
the search for a more accurate and pre-emptive 
diagnostic test for peri-implant disease. 
Cytokines, chemokines, and biological mediators 
have all been shown to play a crucial role in the 
regulation of homeostasis and pathological states 
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around implants [57, 69]. Pro-inflammatory cyto-
kines (IL-1β, IL-6, IL-12, IL-17, and TNF-α), 
anti-inflammatory cytokines (IL-4 and IL-10), 
osteoclastogenesis-related cytokines (RANKL 
and OPG), and chemokines (IL-8) are amongst 
the most studied of the protein biomarkers [70], 
although there have been a great many more pro-
teins evaluated. For a full list of evaluated bio-
markers see Table 19.2.

Recker et al. [59] conducted a study aiming to 
determine the presence of Il-1α, IL-1β, IL-6, 
IL-8, Il-10, IL-12, IL-17α, TNF-α, CRP, OPG, 
leptin, and adiponectin using multiplexed immu-
nofluorescent bead assay in the gingival fluid and 
PICF at healthy sites. The authors concluded that 
the levels of measured cytokines were similar, 
except for IL-17α and TNF-α which were found 
to have significantly higher concentrations in 
PICF.  Nowzari et  al. [71] also found increased 
concentrations of TNF-α in PICF compared to 
gingival fluid. A recent systematic review [72] 
evaluated 18 studies that investigated the use of 
cytokine levels to distinguish between diseased 
and healthy sites. Nine studies reported a statisti-
cally significant increase in the levels of pro- 
inflammatory cytokines in the PICF of diseased 
implants compared to healthy sites, with IL-1β 
being the cytokine with the most evidence of 
association. Most studies evaluated by this review 
found no difference regarding anti-inflammatory 
cytokines or osteoclastogenesis-related cytokines 
and only two studies [73, 74] reported on the lev-
els of IL-8, both finding no difference between 
healthy and diseased sites. The authors concluded 
that in terms of differentiating diseased and 
healthy peri-implant sites through the use of bio-
markers, there is evidence for increased levels of 
pro-inflammatory cytokines, whereas there is no 
evidence to suggest that anti-inflammatory cyto-
kines or chemokines are able to be used in a diag-
nostic capacity. They concluded that only 8 
cytokines (IL-1β, IL-4, IL-6, IL-10, IL-12, IL-17, 
TNF-α, and RANKL) and one chemokine (IL-8) 
have been evaluated in comparative studies 
assessing both healthy and diseased implants. 
With regards to the biomarkers for bone loss 
(RANKL, OPG, and sRANKL) there is conflict-
ing evidence, with some studies reporting lower 

concentrations [75] and others reporting higher 
concentrations but with no change to the overall 
ratio [76]. Rakic et al. [60] used more sensitive 
arrays than Arikan et  al. [75] and found that 
sRANKL and OPG levels (as well as sclerostin) 
were clearly associated with peri-implantitis.

Enzymes such as matrix metalloproteinases, 
myeloperoxidase (MPO), cathepsin-K, and elas-
tase have also been investigated as biomarkers of 
disease initiation and progression. Dursun et al. 
[77] reported in their systematic review that 
MMP-1, MMP-3, MMP-8, and MMP-13, as well 
as their various tissue inhibitors (TIMPs), were 
most frequently tested and that MMPs could be 
considered to be positively correlated with clini-
cal inflammatory conditions around integrated 
implants. Ramseier et al. [78] demonstrated that 
MMP-1 bound to tissue inhibitor of MMP-1 
complex (MMP-1/TIMP-1) correlated inversely 
with attachment loss at implants, and in the two 
cases of peri-implantitis included in the study 
population, MMP-1/TIMP-1 was below detect-
able concentration, showing a potential benefit to 
the evaluation of these complexes in future stud-
ies. Three studies [79–81] reported significantly 
higher levels of MPO in the PICF of inflamed 
peri-implant tissues and one study reported sig-
nificantly higher amounts of elastase in the PICF 
of diseased implants [82]. Cathepsin-K has been 
suggested as a marker of peri-implant mucositis 
[60] and has been shown to correlate well with 
clinical markers such as pocket depth, bleeding 
on probing and plaque scores [83].

Other enzymes and markers of tissue degrada-
tion, such as alkaline phosphatase (ALP) and 
osteocalcin, have also been investigated with 
conflicting results reported for osteocalcin levels 
but an association between ALP/OPN/OCN and 
peri-implantitis reported by two studies [82, 84]. 
Zani et  al. [85] evaluated 20 biomarkers in the 
PICF of diseased and healthy implants finding 
that diseased sites had elevated levels of 12/20 of 
the included analytes. The authors used a best-fit 
model to determine which combination of 
 investigated markers had the best discriminatory 
capacity, concluding that IL-17, IL-1 receptor 
antagonist (IL-1ra), FMs-like tyrosine kinase-3 
ligand (Flt-3L), IL-10, soluble human CD40 
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ligand (sCD40L), granulocyte macrophage 
colony- stimulating factor (GM-CSF), TNFa, 
PDGF-BB and IL-15 were present in 13% of the 
best fit models suggesting that further research 
into these specific biomarkers may be warranted. 
6 analytes greatly increased the diagnostic prop-
erties of the model when compared to the ana-
lytes alone or in lower numbers, although 
increasing the number beyond this point resulted 
in only limited improvement. An interesting find-
ing from this study was that elevated levels of 
various biomarkers were found at healthy sites of 
diseased implants suggesting that PICF collected 
from any point around a diseased implant may 
contain the markers of peri-implant disease 
potentially limiting the amount of sampling that 
is required.

19.4  Microbial Markers 
of Peri-implantitis

Peri-implantitis is a disease initiated by microor-
ganisms and therefore involves the presence of 
bacteria as a biofilm which is responsible for the 
initial inflammatory response. Although the pel-
licle around teeth and implants varies [86] there 
seems to be minimal difference in the temporal 
sequence of colonization. While the majority of 
older studies have reported a mixed anaerobic 
infection dominated by gram-negative bacteria, 
newer studies using more accurate and higher 
throughput techniques such as pyrosequencing 
have shown that the microbiota present in peri- 
implantitis is more complex than that seen around 
teeth [87, 88] and that a large majority of the bac-
teria present are currently un-cultivatable. 
Furthermore, some studies have found high num-
bers of other microorganisms more commonly 
associated with extra-oral infections (e.g., 
Staphylococcus aureus, Parvimonas micra) [89, 
90]. A recent meta-analysis review [91] showed 
that Aggregatibacter actinomycetemcomitans 
and Prevotella intermedia were detected in peri- 
implantitis biofilms compared with healthy 
implants. Another systematic review [92] con-
cluded that the peri-implantitis-associated bio-
film was significantly more heterogeneous and 

complex when compared to healthy implants or 
diseased teeth and is comprised of putative peri-
odontal pathogens, uncultivatable asaccharolytic 
gram-positive rods, anaerobic gram-negative 
rods and in some cases opportunistic microor-
ganisms such as enteric rods. The authors also 
stated that there were significant differences 
between the results obtained from subgingival 
biofilm methods when compared to entire micro-
biome sequencing techniques, due to the high 
proportion of uncultivatable bacterial species 
present around diseased implants. The clinical 
ramifications of these findings are currently 
unknown but these differences may prove to be 
useful in the establishment of diagnostic tech-
niques using microbial markers for the detection 
and quantification of disease around dental 
implants.

Wang et al. [93] examined microbial profiles 
via qPCR (Aggregatibacter actinomycetemcomi-
tans, Prevotella intermedia, Porphyromonas gin-
givalis, Tannerella forsythia, and Treponema 
denticola) and combined these with the bio-
marker (Il-1β, VEGF, MMP-8, TIMP-2, and 
OPG) profile of PICF from healthy peri-implant 
tissues and those with diagnosed peri-implantitis. 
The PICF samples were harvested from the same 
site as the subgingival biofilm in order to estab-
lish a correlation between microbial profiles and 
inflammatory markers and to test the individual 
and combined diagnostic ability of each bio-
marker and bacterial species evaluated. The study 
found that T.denticola combined with IL-1β, 
TIMP-2, and VEGF levels had stronger diagnos-
tic ability than the markers individually. This 
highlights the importance of a combined approach 
in the study of microbial and endogenous bio-
markers in relation to peri-implantitis.

19.5  Biomarkers Beyond Proteins 
and Microbial Profiles

With the advent of more discriminatory testing 
methods, evaluation of the genome, epigenome, 
transcriptome, and exosome is now possible. 
This means that evaluation of gene polymor-
phisms, epigenetic changes caused by environ-
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mental factors, extracellular vesicles, mRNA, 
and microRNA expression in health and disease 
is now a clinical reality and may serve to improve 
the clinical applicability of biomarker evalua-
tions. Chaparro et al. [94] reported that increased 
EVs concentration and decreased miRNA-21-3p 
and miRNA-150-5p expression was found in 
PICF of patients with peri-implantitis in compar-
ison with peri-implant mucositis. Rakic et  al. 
[95] investigated CD14 and TNF-α single nucle-
otide polymorphisms (SNP) as candidate genetic 
biomarkers of peri-implantitis via PCR and 
ELISA from DNA extracted from peripheral 
blood. They found that patients with SNP at 
CD14–159 had increased RANKL expression 
compared to the regular allele and five times 
increased risk of peri-implantitis. Similar results 
were reported for SNP at the TNF-α allele, with a 
five-fold increase in the risk of peri-implantitis 
but with no correlation to a change in the evalu-
ated biomarker level. Similar studies evaluating 
other SNPs in different populations have also 
reported associations between environmental risk 
factors such as smoking and putative genetic risk 
markers, highlighting the need for future studies 
in larger and more diverse patient populations 
[96] to determine the role of environmental influ-
ence on the genetic phenotype. Currently, there 
are limited studies evaluating epigenetic changes 
(i.e., DNA methylation and histone modification) 
in peri-implantitis although the preliminary data 
from the periodontitis literature would suggest 
that this is an area of biomarker research that 
should be explored [44].

The clinical utility of genetic markers is cur-
rently limited as they are only suitable for risk 
profiling but could potentially be used prior to 
disease initiation to tailor a preventative strategy 
aimed at reducing disease incidence. As has been 
shown in the periodontitis literature [97–99], 
patient susceptibility is critical in the pathogene-
sis of peri-implantitis, and therefore a test allow-
ing risk stratification based on genetic risk 
markers would be useful clinically.

Becker et  al. [100] evaluated the transcrip-
tome profile of peri-implantitis lesions compar-
ing it to control samples taken from periodontitis 
lesions. Although this study had only limited 

numbers, through quantitative transcriptome and 
gene ontology analysis the authors were able to 
report that the mRNA signatures of peri-implan-
titis and periodontitis differed significantly and 
that peri- implantitis represented a complex 
inflammatory disease due to the variety of patho-
physiological pathways determined in their anal-
ysis. It was also reported that peri-implantitis 
transcript regulation was for the majority related 
to innate immune and host defense responses, 
while in the periodontitis lesions bacterial 
response systems predominated. This highlights 
the importance of transcriptome analysis in deter-
mining the pathophysiology of peri-implant dis-
eases which can then be used to guide future 
scientific and clinical research.

19.6  Expert Opinion: Choice 
and Use of Biomarkers 
for Pre-clinical and Clinical 
Investigations

There has been significant research exploring the 
use of biomarkers for the purpose of diagnosing, 
quantifying, and evaluating peri-implantitis; 
however, there are still many questions that need 
to be answered before the recommendations and 
results can be translated into a clinically relevant 
treatment protocol. The state of the current litera-
ture is equivocal and although there are some bio-
markers that have been repeatedly shown to have 
an association and limited diagnostic capacity, 
marked inconsistencies between study design, 
selection criteria, methodology, and reporting 
have resulted in highly heterogeneous data that 
very rarely can be compared.

A key issue in the study of peri-implantitis as 
a disease has been the lack of case definition and 
inconsistency regarding its diagnosis. This has 
resulted in a number of different clinical thresh-
olds being used, which can have a significant 
impact on the results of studies evaluating bio-
markers in both saliva and PICF for clinical 
applications. With the introduction of the new 
classification system and case definition for peri- 
implant disease, researchers will now be able to 
provide results that can be compared [101]. When 
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considering the effect of modifiable risk factors 
such as smoking, diabetes, and other systemic 
diseases [102] on the oral microbiome [103, 
104], the host immune response [105, 106], and 
the ability of the body to heal, it does not seem 
unreasonable that patients with these confound-
ers are excluded from analysis in order to achieve 
the best possible baseline data for future com-
parison. This has been highlighted by a recent 
systematic review [72].

The majority of studies evaluating biomarkers 
in peri-implantitis have been cross-sectional in 
nature and lack the ability to draw clinically rel-
evant conclusions. Future studies evaluating bio-
markers in peri-implantitis should focus on the 
determination of the biomolecular characteristics 
of the PICF and saliva in health, and then pro-
spectively assess changes in these markers to 
determine relevant analytes for disease initiation, 
progression, and response to treatment. All tested 
biomarkers should be correlated to clinical 
parameters to ensure that findings can be trans-
lated into the clinical setting, as well as control-
ling for the effect of disease severity on biomarker 
levels in the oral fluids. The majority of studies 
fail to report the calculated concentration of eval-
uated biomarkers, choosing to only report total 
volume which could potentially be a mere conse-
quence of the volume sampled rather than actual 
biological changes at experimental sites. With 
regards to methodology, the use of highly sensi-
tive arrays is recommended as the expected levels 
of biomarkers in oral fluids are generally less 
than corresponding amounts found in serum or 
blood. This means that commercially available 
assays and arrays designed for evaluating bio-
markers in other body fluids may not have the 
required fidelity to be used for analyzing oral 
fluids.

The potential of biomarkers in early diagno-
sis, determining patient susceptibility, quantify-
ing the response to treatment, and guiding distinct 
and personalized treatment approaches deter-
mined by individual pathogenesis is indisputable. 
Systematic reviews have outlined that higher lev-
els of pro-inflammatory cytokines are associated 
with peri-implantitis and that more work needs to 
be done on evaluating the relationship of chemo-

kines, anti-inflammatory cytokines, innate and 
adaptive immune modulatory molecules, growth 
factors, and tissue degradation products [72, 77]. 
It is clear that a single analyte is unlikely to have 
the sensitivity and specificity required and there-
fore it is most likely that a group of biomarkers 
will be used to achieve the desired precision for 
future applications [93, 107]. In the absence of 
consistent, repeated and high-quality data the 
recommendation at this stage should be that as 
many biomarkers as possible should be evaluated 
in concert and that comparison of analytes from 
various “omics” constituents should be attempted 
in order to increase the accuracy of the reported 
model.
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20Computer-Assisted Implant 
Dentistry

João Manuel Mendez Caramês 
and Duarte Nuno da Silva Marques

20.1  Precision Digital 
Technologies

Technological developments have accelerated in 
all fields of knowledge over recent decades, 
allowing dental professionals to work [1] inexo-
rable, and the clinical practice of dentistry has 
followed suit, where a paradigm shift from man-
ual and more classical dentistry practice to 
computer- assisted concepts and digital technolo-
gies is observed. The integration of these techno-
logical systems in the field of implant dentistry to 
improve the quality of care and patient-centered 
outcomes has led to several computerized 
advances such as three-dimensional imaging 
through CT scan images, intra and extra-oral 
scanners, implant-planning software, computer- 
aided- design, and manufacturing (Fig. 20.1) [2] 
technology through the fabrication of implant 
abutments, crowns and different types of super- structures, static and dynamic computer-guided 

implant surgery to tracking technologies used to 
monitor occlusion and parafunctions (Fig. 20.2) 
[1, 3–7].

Digital technologies also allow for the merg-
ing of different digital files (STL, DICOM) 
resulting in new applications such as dental 
implant planning via merging of CT scan images 
(DICOM) and intra-oral digital scanning files [8] 
of patients thus creating surgical guidelines with 
improved accuracy when compared to non- 
guided conventional methods, thus enhancing the 
clinical outcome [7, 9]
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Fig. 20.2 Emergence profile of Provisional Crown 
designed in CAD software

At the educational level, these technologies 
will produce lasting effects on future generations 
of practitioners with a number of dental schools’ 
curricula already embracing digital dentistry with 
enhanced learning objectives and specific out-
come measures [10–12]

While the clinical discipline of implant den-
tistry focuses on the use of the available technol-
ogy in providing patients with better quality of 
care, encompassing a range of rehabilitative pro-
cedures and systems [4, 13], the variety of differ-
ent procedures makes it extremely difficult to 

compare them. Although the International 
Organization for Standardization [2] specifies the 
test methods for assessing the accuracy of many 
of these digital technologies [2, 14, 15], the sci-
entific literature presents different accuracy mea-
surement techniques and terms making it more 
challenging for the users to conduct 
comparisons.

The aim of this chapter is to review the most 
frequently adopted methods for evaluating digital 
technologies used in implant dentistry. Moreover, 
the different methodological designs used 
in  vitro, in  vivo, and clinical studies will be 
discussed.

20.2  Methodological Designs 
in Computer-Assisted 
Implant Dentistry: 
Diagnostic Studies 
of Accuracy—In Vitro, 
In Vivo, and Clinical Studies

When assessing the methodological designs in 
computer-assisted implant dentistry, in the major-
ity of these studies’ accuracy is one of the pri-
mary outcomes to be determined. Placing a dental 
implant in a previously planned location or 
replacing bone and/or soft tissues requires highly 
accurate reproduction in the digital workflow.

Thus, several terms should be formulated cor-
rectly to allow the reader to compare different 
studies, technologies, or devices.

According to ISO standards [14, 16] the fol-
lowing terms should be taken into account 
(Fig. 20.3):

Accuracy—This is a qualitative concept, being 
the quantitative counterpart of the error of mea-
surement that represents the closeness of agree-
ment between an individual result and an accepted 
reference value. Depends on trueness and preci-
sion results.

Trueness—This is a qualitative concept, being 
the quantitative counterpart of systematic error, 
representing the deviation between the mean 
obtained from a large series of results of mea-
surement and a true value or a conventional true 
value. In practice, the systematic error should be 
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Fig. 20.3 Schematics representing the influence of true-
ness and precision in overall accuracy

estimated from 30 or more repeated measure-
ments of an object under specified conditions

Precision—This is a qualitative concept, 
being the operational definition of the standard 
deviation, which represents the deviation between 
independent results of measurement obtained 
under stipulated conditions.

True and precise metrical outcomes are needed 
for almost every technology in the computer- 
assisted implant dentistry field. From cone beam 
computerized tomography (CBCT) exams to 
scanners and CAD/CAM technologies the evalu-
ation of treatment success or validation of new 
treatment strategies are critically dependent on 
the methodological procedures and study designs 
used.

In many of these fields, validation procedures 
use linear distance measurements with micro-
scopes or calipers which are compared between 
groups [17–21] These methods present limita-
tions regarding three-dimensional changes and 
are reduced to only a few measuring points of the 
testing area. Newer measuring methods include 
radiographic or optical capturing of the entire 
surfaces or volumes, which can use superimposi-
tion models to measure volumetric changes, or 
deformations in all three coordinate axes 
[22–25].

Although providing more possibilities these 
new methods still depend precisely on the accu-
racy of the scanners used which is often a value 
given by the manufacturer derived from scanning 
small calibrated objects and are thus different 
when scanning large objects like a dental arch 
directly affecting the results due to scan errors 
[26–28].

20.2.1  Role of the Different Study 
Research Designs in Current 
Computer-Assisted Implant 
Dentistry

Most studies in the new digital technologies are 
designed so that new treatments can obtain regu-
latory approval, or to evaluate treatments under 
ideal conditions (i.e., efficacy), which often don’t 
translate well into real-world circumstances (i.e., 
effectiveness).

Modern contemporary healthcare is patient- 
centered, effectiveness-focused and evidence- 
based, and by necessity and definition 
translational in nature [29].

For this purpose studies in new emerging digi-
tal technologies should satisfy the fundamental 
standards of methodology, design, and data anal-
ysis to decrease the risk of research bias with sys-
tematic, random, or inferential errors [30, 31].

The hierarchical structure of research designs 
has become increasingly popular today, position-
ing designs in terms of their clinical relevance in 
which the level of evidence can be expressed 
through different systems, being that the princi-
ple remains the same: to evaluate “what” was 
done.

Considerable confusion exists regarding study 
design and the research questions that can be best 
answered by each design.

Although the in vitro and animal studies 
belong to the lower levels in the evidence-based 
pyramid they should be considered fundamental 
to establishing the plausibility of a novel treat-
ment modality thus yielding information critical 
to the development of clinical trials [32]. For that 
purpose, they should provide sufficient informa-
tion to the reader to understand the procedures 
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IN VITRO IN VIVO (ANIMAL) CLINICAL TRIAL
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Fig. 20.4 Advantages and disadvantages according to study design

performed (material and methods), to assess the 
biological relevance of the study and the validity 
and reliability of the findings (outcomes) [33–
35]. The reader should therefore be able to repeat 
the experiment in a similar way.

When comparing the different types of study 
designs used with these new technologies, one 
can consider the study-related pros and cons 
(Fig. 20.4):

Studies in the new digital technologies in den-
tistry should be designed according to guidelines 
that enable standardization of the assessed out-
comes, thus improving the quality of the reported 
research.

20.2.2  Assessment Tools 
for Improving the Quality 
of Research Reporting

In recent years several assessment tools have 
been proposed with the intention of improving 
the quality of reporting. These include; 
CONSORT guidelines for clinical trials [36], 
STROBE guidelines for observational studies 
[37], GRADE for accuracy research [38], STARD 
guidelines for studies involving diagnostic tests 
[39], ARRIVE for reporting In Vivo studies [34], 
and PRISMA or ROBIS guidelines for meta- 
analysis and systematic reviews [40, 41].

These guidelines encourage the researcher to 
report the study in relation to an itemized check-
list. The aim is not to improve the quality of the 
study but to help in setting standards that allow 
comparability across studies [36, 42]. There is 
convincing evidence that the use of such check-
lists has improved the quality of published arti-
cles [43–47].

Extrapolation of similar guidelines for in vitro 
studies would improve the quality of reporting, 
but still, there have been no validated guidelines 
for reporting in  vitro studies. Some proposals 
have been published [48–50], but validation data 
is still lacking.

20.3  Guided Surgery

20.3.1  Diagnostics

20.3.1.1  Three-Dimensional 
Computed Tomography 
Imaging

Imaging in one form or another, has been avail-
able to dentistry since 1896 [51], although in the 
last 30 years since the launch of digital imaging, 
several advanced imaging technologies like com-
puted tomography, cone beam computed tomog-
raphy, magnetic resonance imaging, and 
ultrasound have found a place in modern den-
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tistry. These technologies have not only made the 
process simpler and faster but made it more accu-
rate too.

Intraoral and extraoral radiographic examina-
tions are the backbone of imaging for the dental 
practitioners to provide detailed information 
about the teeth and surrounding tissues. However, 
periapical and panoramic radiographs are subject 
to geometric distortion and only provide a two- 
dimensional image of a three-dimensional object. 
The relationship of the tooth to the surrounding 
anatomical structures cannot be assessed accu-
rately thus limiting its diagnostic performance 
which is of major importance in implant dentistry 
[52, 53]

A number of different techniques have evolved 
in the recent past that have revolutionized the 
diagnosis and treatment planning in implant den-
tistry based on dental cone beam computed 
tomography (CBCT). CBCT is recommended for 
implant planning by several professional associa-
tions [54–57]. Although a strong improvement in 
dental implant treatment planning has been 
observed with the use of CBCT images, some 
limitations are still present. This is seen 
 particularly in voxel definition, increased radia-
tion dose to the patient when compared to pan-
oramic imaging, scattering that decreases the 
available details regarding soft tissues, blood ves-
sels, and lymph nodes or the presence of image 
artifacts, such as dental implants or dense resto-
rations which can influence diagnostic or surgical 
guides manufacturing accuracy [58, 59] 
(Fig. 20.5).

Rapid advances in diagnostic imaging tech-
nology make a thorough assessment of new tech-
nology prior to its implementation a challenge. A 
hierarchical approach to the assessment of new 
diagnostic imaging technology has been advo-
cated and used by technology assessors in the 
field [60–63]. This approach should entail an 
assessment of the technical performance; diag-
nostic performance (accuracy); diagnostic, thera-
peutic, and effect of prognosis; effectiveness 
(patient and societal outcomes); and cost- 
effectiveness. Although this approach is rigorous 
and scientifically sound when performed sequen-
tially, it is time and resource consuming particu-

larly when evaluating new technological imaging 
developments in a timely fashion towards 
improving implant dentistry outcomes. For that 
purpose, some authors in the last years have pro-
posed pragmatic designs in which the outcome 
measures reflect the clinical decision process 
[64].

At the core of the problem is the difficulty in 
connecting the performance of an imaging test to 
a health-related outcome. Patients rarely live or 
die based on the performance of a noninvasive 
test and in the field of implant dentistry, improper 
implant placement can be attributed to several 
different variables from poor diagnosis to poor 
implant placement technique. When assessing 
new imaging technologies in implant dentistry 
we should develop and implement standards for 
using imaging in clinical trials (ethical consider-
ations regarding radiation exposure should be 
discussed), the imaging technique and quality 
better defined (voxel size, field of view, and 
image detection system), the methods to achieve 
it agreed on and implemented, and the impact on 
outcomes measured. In general, all these stan-
dards will help to improve imaging effectiveness 
and efficacy as well as efficiency in clinical 
practice.

In vitro and animal studies have a place in the 
initial steps towards comparing different imaging 
technologies. For example, animal studies can be 
performed as the initial step in comparing accu-

Fig. 20.5 CBCT with reduced bone volume in the 
maxilla and mandible
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racy in different techniques for proximity to vital 
anatomical structures, since the different tests 
can be used in the same animals, thus increasing 
the efficiency of the study design.

CBCT for Diagnosis Outcome Assessment
CBCT studies could be used to assess pre-implant 
diagnostic value for the presence of occult pathol-
ogy, foreign bodies, and/or defects and to deter-
mine the suitability of the site in terms of 3D 
morphology and proximity to vital anatomic 
structures. For this purpose, a hierarchical 
approach should be used with in vitro and animal 
studies performed for protocol validation prior to 
human studies. These studies could be designed 
to determine sensitivity and specificity (or a 
receiver characteristic operating curve) values in 
comparison to a reference standard. This entails 
the performance of both the new test and refer-
ence standard in all patients in a cohort study or 
in a diagnostic test-treatment trial and the deter-
mination of the probability of abnormal and nor-
mal findings conditional to diagnosis assessment 
[65, 66]. Although based on ethical grounds for 
radiation exposure, some cases could be left out, 
thus leading to biased estimates of sensitivity and 
specificity [67, 68]. Furthermore, although sensi-
tivity and specificity may be useful performance 
parameters in the initial evaluation of a new test, 
when deciding if the new diagnostic strategy 
should be implemented, patient outcomes and 
costs should also be evaluated.

Taking into consideration the SEDENTEXCT 
guidelines [69] and the more recent pragmatic 
proposals for imaging studies [64], we could pro-
pose that an in  vivo imaging study design in 
implant dentistry should comply with the follow-
ing key features:

• Randomization—Random assignment to 
either group minimizes the bias from extrinsic 
factors and decreases the ethical  considerations 
of double radiation exposure to patients 
(ALARA principle) [70]. However, if there 
are good reasons to believe that one diagnostic 
imaging modality is superior to another, then 
randomization should not be performed.

• Pragmatic—Patients are treated as close to 
daily clinical practice as possible thus increas-
ing their ability to generalize. The results can 
also influence the recruitment rate.

• Integration—Additional exams may be 
requested or performed, thus integrating the 
clinical process into the clinical research.

• Description of imaging techniques—Authors 
should strive to clearly describe the scanning 
features of the imaging techniques used

• Diagnostic and effectiveness-oriented out-
come measures—Outcome measures should 
be standardized according to the major out-
comes to be assessed in diagnostic studies 
(accuracy for anatomical landmarks and/or 
receiver operator curve). Cost-effectiveness 
outcomes should be assessed too.

• Treatment outcome measurements—When 
determining geometric implant accuracy, out-
comes such as linear and angular measure-
ments are to be considered.

• Patient outcomes—Include measures that 
reflect the overall goal of health care, such as 
quality of life (dose optimization and expo-
sure factor reduction), number of events, and 
crossovers to other diagnostic strategies dur-
ing follow-up.

Before performing in vivo studies researchers 
should ascertain in vitro the sensitivity and speci-
ficity of the proposed technique when compared 
to the reference method by the use of standard-
ized protocols taking into account the following 
key features:

• Quality Control—Researchers should con-
sider the following quality parameters when 
assessing CBCT quality
 – Uniformity, Geometric Precision, Voxel 

density values, Noise, Low-contrast resolu-
tion, Spatial resolution

• Image Quality Phantoms—CBCT equipment 
should be evaluated by using image quality 
phantoms in a standardized, reproducible, and 
consistent way since performance interferes 
with accuracy results. The in  vitro universal 
phantom requirements have already been 
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addressed [71, 72], with commercially avail-
able devices.

CBCT Treatment Outcome Assessment
Today CBCT imaging can be used for assessing 
treatment outcome measurements such as geo-
metric implant accuracy or volumetric bone 
regeneration changes.

For that purpose animal models have been 
used to validate the concept of using CBCT 
imaging for bone measurements around titanium 
implants [73] or linear/ volumetric changes after 
bone regeneration techniques [74, 75].

When designing an animal study to assess 
bone changes or implant accuracy, researchers 
should consider the following key features:

• Standardization of procedure—The procedure 
should comply with animal welfare guidelines 
and the surgical and outcome assessment pro-
cedures should be described in such detail as 
to allow the reader to repeat the protocols 
described.

• Validation—Regardless of the outcomes to be 
assessed, investigators should perform com-
parative studies with those considered as the 
gold standard to assess the quality of the pro-
posed new method.

• Implant accuracy—Linear measurements 
from the CBCT can be used to determine the 
accuracy of a specific surgical technique or 
guide, although results should be cross-
checked with histological measurements to 
allow concept validation and accuracy deter-
mination [73, 76]. Outcomes such as the dif-
ference between programmed placements and 
real placement or distance to anatomical 
structures can be used in accuracy determina-
tion [77].

• Bone regeneration—A number of papers 
have been published assessing graft behavior 
in implant dentistry with CBCT imaging, 
although standardization of the methods is 
lacking [78–80], most likely due to different 
imaging devices and software use. Several 
studies have used the method proposed by 
Uchida et al. [81] which implies the 2D mea-
surement of each slice and adding up all 

areas for total volume determination. 
Nowadays, the use of specific software to 
convert and measure volumes from the 
DICOM files obtained from the CBCT imag-
ing could allow for easier, quicker, and more 
accurate measurements [82–84]. 
Tomographic data can be exported by means 
of an internationally standardized file format 
known as DICOM (Digital Imaging and 
Communications in Medicine) and with 
appropriate software render a 3D model 
which could be used for volumetric measure-
ments (Fig. 20.6). Nowadays several types of 
software are available free of charge and via 
a more or less sophisticated user  interface 
perform image segmentation and export the 
data as a 3D surface format [4].

• Bone quality—This has been suggested as one 
of the main factors influencing implant ther-
apy success and should be strongly recom-
mended as one outcome to be assessed in 
implant therapy research. According to recent 
data, CBCT gray values offer poor correlation 
to Hounsfield units with data varying for other 
CBCT models or exposure conditions [85]. 
For this purpose, alternative methods redirect-
ing bone evaluation from density to quality 
have been proposed. With increasingly 
improving image quality in CBCT character-
istics such as 3D trabecular bone architecture, 
bone surface, (BS)/volume ratios expressing 
bone density, bulk or amount of bone, and 
spacing between trabeculae and marrow 
spaces have shown potential, although evi-
dence regarding accuracy and stability is still 
limited [86].

When preparing an in  vivo study to assess 
bone changes or implant accuracy, researchers 
should also consider the following key features:

• As Low As Reasonably Achievable (ALARA) 
Principle—Patient radiation exposure should 
be reduced, thus mitigating ethical 
considerations.

• Evaluators—Should be calibrated and Intra- 
class correlation coefficient (ICC) calculated 
between assessors.
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Fig. 20.6 Bone volume 
assessment between 
CBCTs of the same 
patient before and after 
guided bone 
regeneration in the 
edentulous atrophic 
maxilla using 
demineralized bovine 
bone mineral (DBBM) 
combined with 
platelet-rich fibrin (PRF)

• CBCT accuracy—standardization and accu-
racy determination of CBCT devices should 
be determined and taken into account.

• Sample size determination and 
Randomization—according to the outcomes 
to be assessed.

20.3.1.2  Intra, Extra-Oral, and Facial 
Scanners

In computer-assisted implant dentistry, creating 
three-dimensional (3D) digital datasets has 
become the standard. Treatment has shifted 

towards a digital 3D approach where treatment 
can be planned in advance, making surgery more 
predictable and reducing the surgical time, thus 
improving patient-centred outcomes [87, 88].

Dental research has been focused on intraoral 
and facial scanning devices in order to minimize 
procedural errors during digital workflow 
increasing reliability and prognosis of medical 
therapies [89].

As previously stated, in the digital diagnostic 
phase, images derived from CBCT imaging are 
still lacking detail mainly due to the scanning 
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resolution and artifacts caused by radiopaque 
dental restorations, dental implants, or orthodon-
tic brackets [90–92].

Digital workflow introduced a novel approach 
for a more predictable implant-supported reha-
bilitation using patient photos, facial scanning, 
virtual diagnostic wax mock-ups for the surgical 
models or guides, and provisional rehabilitation.

The initial step for a highly precise digital 
workflow is to obtain the digital dental models, 
and therefore two main types of dental CAD/
CAM scanners exist: intraoral scanners that are 
used for chairside scanning of the patient’s dental 
arches and extra-oral scanners that are used in the 
dental laboratory to scan casts. Both scanners 
develop a digital model of the patient’s mouth 
using CAD software that can be used for implant 
planning along with the CBCT imaging or provi-
sional/final implant rehabilitation with the use of 
3D printers or milling machines [93, 94].

According to a number of studies, the accep-
tance level of fit for implant-supported prostheses 
range between 50–150  μm [95–97]. As these 
numbers also include errors in the final process-
ing and production of the framework, the scan-
ning deviation must be below this threshold.

Studies that evaluate the accuracy of scanning 
or misfit of fabrication are necessary for this pur-
pose [98–102].

Accuracy Evaluation
Accuracy consists of precision and trueness [16], 
being that both components should be evaluated 
when assessing intra-, extra-oral, or facial scan-
ner accuracy [103].

Several methodologies and study designs have 
been published and proposed without standard-
ization which does not allow for inter-studies 
comparisons.

Two approaches in vitro and in vivo are pos-
sible. It has to be noted that these two types of 
study can and should be complementary.

When preparing an in vitro study, researchers 
should take into consideration the following key 
features:

• Outcomes definition—Precision and trueness 
should comply with ISO definitions when 

evaluating the diagnostic accuracy of intra- 
and extra-oral scanners. Depending on study 
objectives, repeatability, reproducibility, and 
dispersion measures could also be considered 
[104].

• Methods standardization—The methods 
should describe how the reference model was 
obtained, the scanner characteristics, calibra-
tion procedures, and a standardized method of 
measurement. One of the main purposes of 
standardization is to eliminate differences 
between users or between identical pieces of 
equipment. According to some authors, the 
preferred statistic is known as the Root Mean 
Square Error (RMS) [105–107], but alterna-
tives can be x standard deviation (also known 
as Sigma) or, for example, 50%-, 75%- or 
95%-percentile values relative to what can be 
considered as clinically or technologically rel-
evant accuracy [108].

• Validation of Accuracy Method—Researchers 
using digital technologies should validate and 
evaluate the reliability of the method used for 
accuracy determination.

• Master Die—Should be prepared in a material 
that represents those applied in normal use 
and presents high dimensional stability and 
optical properties that allow an unhindered 
scan of the surface.

• CAD reference model—Should be obtained in 
a measuring device with an accuracy of ±2 μm 
[2], being that nowadays a coordinate measur-
ing machine (CMM) is still considered as ref-
erence [2], although professional industrial 
scanners with more than 12 Megapixels 
 resolution offer a viable alternative [109, 110]. 
More recently, a new method has been pro-
posed with the use of a metal reference bar 
while performing in vitro intra- and extra-oral 
scanning [111], although the clinical applica-
tion of this scanning methodology has to be 
questioned.

• Operator and equipment variance—Most 
studies consider operator variance but very 
few address the possibility of variance 
between identical pieces of equipment.

• Digital models superimposition—Volumetric 
changes or three-dimensional divergences can 
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Fig. 20.7 Interrelations between error types, performance characteristics, and expression of estimates. Adapted from 
Menditto et al. [114]

be calculated with software that allows for 
three-dimensional superimposition for quality 
control comparison such as Geomagic or 
Gominspect [112, 113] (Fig. 20.7).

When preparing an in vivo study, researchers 
should consider the following key features:

• Pragmatic—studies should compare the accu-
racy of these new devices/technologies with a 
gold standard within values that can have clin-
ical significance.

• Outcomes definition—When assessing in vivo 
accuracy, researchers should clearly define the 
study objectives and outcomes. Endpoints 
such as accuracy between conventional and 
digital implant impressions, between intra- 
oral scanners, or even between different inter- 
implant positions, angulations, or distances 
should be defined.

• Material and Methods description—A clear 
description regarding subject characteristics 
(partially or totally edentulous), implant char-
acteristics and position, scan bodies and scan-
ners used, reference models, and accuracy 
method determination should be present in the 
material and methods section thus allowing 
for inter-studies comparisons.

• Inter and intra-operator variability—While 
using the intra-oral scanners there is a learning 
curve that could interact with the accuracy 
determination and researchers should ideally 
evaluate not only one operator-one scanner 
accuracy but the several operators-several 
identical scanners accuracy. The main prob-
lem with this type of design is the associated 
economic costs, although it would mitigate 
the operator or device bias.

• Biological variability—confusing factors 
such as jaw opening, saliva, blood, or other 
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factors are present in clinical situations, thus 
these parameters shall be taken into account 
when performing sample size determination.

• Sample Size—To draw reliable conclusions 
studies should include a large number of 
patients based on a statistical sample size 
determination taking into account possible 
attrition bias.

Photogrammetry: A New Tool for Full-Arch 
Implant Impressions?
Although in single and short-span implant- 
supported prostheses the use of intra-oral scan-
ners offers a predictable alternative to 
conventional impressions, nowadays in full-arch 
implant-supported prostheses the conventional 
silicone impressions still present higher accuracy 
when compared to IOS systems.

Factors such as saliva, movable mucosa, 
reflective restorations, ambient light, handling, 
and scanning protocols among others have been 
found to influence the IOS accuracy [115–118].

In the last years, photogrammetry (PG) has 
been reported as a digitizing technology that 
allows the use of screw-retained optical markers 
to virtually transfer the implant location from the 
patient’s mouth to the computer-aided software 
program, thus allowing the fabrication of implant- 
supported prostheses.

However, the assessment of the PG accuracy 
for implant position is scarce, mostly from 
in  vitro studies and with contradictory results 
[113, 119, 120].

Previously mentioned criteria for in vitro and 
in vivo studies with intra-oral scanners should be 
used to evaluate PG with digital and conventional 
impressions regarding accuracy, efficiency, and 
patient-related outcomes.

Intraoral and Facial Scanners: Powerful 
Tools for Diagnostic Studies
Effective clinical management is facilitated by 
early detection and differential diagnosis. 
Moreover, it is essential to be able to reliably 
assess the outcome of hard or soft tissue proce-
dures to meet the right clinical decisions. Some 
examples where scanners were used in different 
study designs are:

• Volumetric determination of soft tissue proce-
dures [26, 121, 122]—Intra-oral scanners 
appear to be useful to determine soft tissue 
stability when performing surgical or prosth-
odontic procedures. In addition, software that 
allows for the merging of CBCT and intra-oral 
scanners will enable researchers to correlate 
hard and soft tissue changes after regenerative 
procedures. (Fig. 20.8)

Fig. 20.8 Soft tissue emergence profile comparison in single unit implant impression between intra-oral scanner with 
scan body and custom-impression coping and conventional impression technique
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Fig. 20.9 Facial profile comparison between facial scan-
ners of the same patient with and without full arch 
implant-supported maxillary prosthesis for lip support 
analysis

• Tooth and Prosthesis Wear evaluation [123, 
124]—In vitro or In vivo wear measurement 
by the means of digital models and quality 
control software shows promising results and 
are cost-effective tools when comparing with 
the gold standard.

• Orthodontics—curvilinear measurements for 
diagnostic purposes (da Silva [25, 116, 125]) 
or assessing tooth movement and soft tissue 
changes during orthodontic procedures [126] 
(Fig. 20.9).

• New technologies in 3D intraoral scanning—
Technologies such as CBCT, Magnetic 
Resonance Imaging, Ultrasound, or 
Stereophotogrammetry have been described 
as possibilities for mitigating the limitations 
of optical scanners with promising results 
[127–130]

20.3.2  Planning

20.3.2.1  CT-Based Implant-Planning 
Software

For virtual planning implant placement, anatomi-
cal data of the patient is required. CBCT or CT 
displays a three-dimensional image of the jaw for 
the identification of 3D ridge topography and 
proximity to vital anatomic structures [54].

CBCT data imported into third-party interac-
tive software platforms that simulate virtual 
implants as precursors to the fabrication of tem-
plates that will be used in the actual surgery have 
been widely studied and applied in clinical prac-
tice [7, 56, 131, 132]

In addition, intra-oral scanning devices have 
recently begun to contribute considerably to 
these novel treatment modalities with respect to 
treatment planning [133], by superposing images 
of recognizable structures obtained from CBCT 
and intra-oral scanning, thus creating a more 
realistic view of the hard and soft dental tissues 
of a patient. However, apart from the benefits of a 
more rapid procedure, reduced perioperative 
bleeding, and decreased postoperative patient 
discomfort, there are still some major issues that 
need to be addressed. Researchers have described 
multiple ways of measuring accuracy errors by 
means of direct measurement in sagittal, coronal, 
or frontal slices; percentage of 3D superimposi-
tions of reconstructed implant images, or in vitro 
direct measurements with caliper or other image 
software. Because of the use of a wide array of 
CT or CBCT machines, guided implant surgical 
systems, types of accuracy definitions, and study 
designs (retrospective or prospective), it is diffi-
cult to make comparisons, thus making it difficult 
to draw conclusions that can be extrapolated to 
all clinical scenarios.

For this, in vitro, ex vivo e in vivo studies and 
appropriate validation procedures need to be 
developed for evaluating the accuracy of navi-
gated implant systems [131, 134–136], thus 
increasing their predictability.

In Vitro and Ex Vivo Experiments
As in any other automated system, guided implant 
surgery is not entirely perfect and is prone to 
minimal errors that can be magnified when proto-
cols are not strictly followed [137]. Sources of 
these minimal errors can result in a total error, 
which can ultimately influence the final position 
of the implants and potentially cause surgical or 
prosthetic complications [138]. Separate presen-
tation and quantification of technical and 
application- related implementation errors within 
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the process sequence appear to be difficult, and 
for that purpose, appropriate study designs shall 
be performed according to the key features:

• Validation Procedures—Serve for the illustra-
tion and quantification of deviations from the 
preoperatively planned to the postoperatively 
achieved implant positions. Angular and lin-
ear (coronal, apical, and depth) accuracy 
should be assessed as direct measurements or 
3D superimposition software [56, 139–141].

• Accuracy determination of digital planning 
procedure [131]
 – Image acquisition errors—can be intro-

duced with poor image quality, motion, or 
metal artifacts, thus the number of artifacts 
and deviation between models should be 
assessed.

 – Image processing—Data manipulation and 
merging procedures such as default or 
manual in different implant planning soft-
ware can lead to underestimation or overes-
timation of direct measurements. Overall, 
maximum, and minimum deviation 
between CBCT and the digital model 
should be determined.

 – Operator experience—It could lead to 
accuracy differences when identifying ana-
tomical landmarks. Inter- and Intra- 
operator variability must be performed to 
assess the experience factor when registra-
tion procedures occur.

 – Edentulism type—Total edentulism could 
result in different accuracy results during 
digital planning procedures due to a smaller 
number of recognizable structures (e.g., 
teeth) during superimposing protocols.

 – Level of guidance—Different levels of 
guided surgery protocols have been 
described from fully guided to guided oste-
otomy which in turn could interfere with 
the outcome. The type of guided surgery is 
determined during the digital planning pro-
cedure. The study design will be discussed 
in the guided surgery chapter.

In Vivo Studies
• Clinical significance—is related to the identi-

fication of safe distances from anatomical 
structures when inserting dental implants, to 
the category of patients who benefit the most 
from guided surgery and accuracy from 
computer- assisted planning to implant 
placement.

• Outcomes definition—When assessing 
in vivo accuracy, researchers should clearly 
define the study objectives and outcomes. 
Endpoints such as accuracy between navi-
gated surgery, implant planning software, 
and free-hand implant placement or accuracy 
between different implant planning software 
or registration accuracy between virtual and 
CBCT models are some of the different clini-
cally significant outcomes that could be 
evaluated.

• Quality of Life and Effectiveness outcomes—
Future research should also aim at assessing 
stress reduction in the operating theatre, time- 
cost analysis, patient acceptance, and other 
quality of life or effectiveness outcomes.

• Material and Methods description—A clear 
description regarding subject characteristics 
(partially or totally edentulous), implant plan-
ning software surgical template manufacture, 
and accuracy method determination should be 
present in the material and methods section 
thus allowing for inter-study comparison.

• Inter and intra-operator variability—Since 
guided implant placement, accuracy depends 
on the cumulative errors of the different steps, 
researchers should try to avoid as many poten-
tially confusing factors as possible, and thus 
operator variability should be assessed. The 
main problem for this type of design is the 
associated economic cost due to increased 
sample size, although it would mitigate the 
operator bias.

• Biological variability—confounding factors 
such as type of edentulism, jaw opening, 
saliva, blood, or other factors in clinical situa-
tions are present and must be taken into 
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account when performing sample size 
determination.

• Sample Size—To draw reliable conclusions 
studies should include a large number of 
patients based on a statistical sample size 
determination based on the cumulative possi-
ble errors and their magnitude in each proce-
dural step.

20.3.2.2  Computer-Aided Design/
Computer-Aided 
Manufacturing (CAD/CAM) 
Technology

The growing development of additive/subtractive 
manufacturing technologies has opened up dif-
ferent applications in implant dentistry encom-
passing the “Scan, Plan, and Manufacture” 
principle of the digital workflow paradigm. Each 
part of this workflow is based on distinct tech-
nologies that should be evaluated regarding their 
accuracy-quality-effectiveness when compared 
with the current gold standard.

Even with the most optimal preoperative plan-
ning software, transfer to the surgical field still 
needs to achieve clinical and medico-legal 
acceptable accuracy. Several options are avail-
able for such a transfer: computer-guided surgery 
(static) surgery; or computer-navigated (dynamic) 
surgery [142]. For computer-guided surgery, a 
static surgical guide is used that transfers the vir-
tual implant position from computed tomography 
data to the surgical site.

Additive manufacturing has been commer-
cially available for nearly 30 years when the pro-
cess known as stereolithography was patented. 
Since then, several manufacturing options have 
been proposed leading to the development of 
digital manufacturing of models, guides, and 
medical devices.

More recently, the application of CAD/CAM 
technology in bone regeneration for implant den-
tistry has been proposed with the use of custom-
ized bone blocks based on the pre-surgical 
planning stage [143–148]. According to these 
authors, the precise fitting manufacture would 
allow enhanced physical contact between graft 
and recipient site, a decrease in time spent in sur-

gery associated with a reduction in the risk of 
graft infection by a smaller number of manual 
interactions.

Since bone regeneration study design assess-
ment is addressed in a different chapter, from the 
digital approach we maintain that outcomes such 
as fitting between graft and recipient site, surgery 
duration, and patient quality of life outcomes 
should be assessed upon validation of the pro-
posed CAD-CAM procedure.

In Vitro Studies
They are important for validation purposes and to 
assess the role of collateral events.

Validation Procedures—Serve to illustrate 
and quantify deviations from different additive or 
subtractive manufacturing procedures. Angular 
and linear (coronal, apical, and depth) accuracy 
should be assessed as direct measurements or 3D 
superimposition software [56, 134, 140, 141].

Confounding factors—error sources from 
CBCT scans, intraoral scans, software or human 
manipulation should be reduced or eliminated in 
order to properly assess manufacturing differ-
ences [149].

Manufacturing precision assessment—when 
determining manufacturing accuracy, researchers 
should use in  vitro and animal studies before 
human studies in order to reduce human exposure 
to intervention studies. As such, different guides 
should be manufactured from the index model 
and deviations in the internal geometry of the 
implant sleeves evaluated [150].

20.3.3  Guided Implant Surgery

Prosthetically driven implant surgery has been a 
subject of fundamental interest in the implant 
dentistry field. Correct implant positioning high-
lights obvious advantages, such as favorable aes-
thetic, prosthetic, and biomechanical outcomes 
with the long-term stability of peri-implant hard 
and soft tissues [151, 152].

The introduction of CBCT and surgical plan-
ning software strongly supports the justification 
for three-dimensional-based pre-surgical plan-
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ning [7, 56, 77]. When a planned prosthesis is 
incorporated into these computed tomography 
images, the planning can take into account both 
the bone anatomy and the planned 
superstructure.

In recent years, several options have been pro-
posed to transfer planning to the surgical field, 
although studies regarding clinical and medico- 
legal acceptable accuracy are still lacking [9, 
142]. Two major techniques can be considered: 
Static and dynamic guidance, which present dif-
ferent technological principles although with the 
same objective which is to increase implant 
placement accuracy with high levels of 
reproducibility.

20.3.3.1  Static Guidance
For computer-guided surgery, a static surgical 
guide is used that transfers the virtual implant 
position from the surgical planning software to 
the surgical site. The templates can be produced 
by computer-aided design/computer-assisted 
manufacturing technology by additive methods 
such as 3D printing or subtractive methods such 
as milling or, manually, in a dental laboratory 
(using mechanical positioning devices or drilling 
machines) (Fig. 20.10) [18, 150, 153].

Several methods for identifying ideal tooth 
position have been proposed, from copying the 
prosthesis in radiopaque resin, to double-scan 

procedures, or from 3D images obtained from an 
intra-oral scanner.

Regardless of the described method, accuracy 
and reproducibility outcomes should be assessed, 
mainly angular and linear deviations between 
planned and placed implants.

In addition, from a pragmatic perspective, a 
comparison with the currently most used tech-
niques (implant software planning and free-hand 
placement) should be addressed when perform-
ing accuracy studies, since deviations between 
the preoperative and the post-operative implant 
location may lead to important clinical conse-
quences [154–159].

20.3.3.2  Dynamic Implant Guidance
Dynamic navigation systems have been devel-
oped to guide the placement of dental implants in 
real time by the computer, based on information 
generated from the patient cone beam scan and 
the surgeon’s virtual implant planning. This can 
overcome some of the above-mentioned limita-
tions of static implant guidance, such as the 
reduced ability to change implant selection, 
placement, angulation, or depth during the intra-
operative procedure to achieve a clinically better 
implant position [139, 160, 161]. The physical 
dimensions of the static guide may also prevent 
use in the second molar regions or in patients 
with restricted openings. Thus, a real-time sys-
tem that coordinates the surgeon’s hands and 
eyes by means of 3-dimensional visualization of 
the preparation with high magnification could be 
considered a promising technology, although cer-
tain challenges, such as cost and accuracy, remain 
to be addressed.

20.3.3.3  Study Design to Evaluate 
Accuracy in Guided Implant 
Placement

When assessing accuracy in guided implant place-
ment, deviations between the planned and actual 
implant position which might occur at any stage in 
the treatment should be taken into account: in 
CBCT and/or intra-oral scanning, in the transfer of 
the planning data, in the manufacturing of the sur-
gical template, in positioning the surgical guide 
[158, 162, 163], and while implant placement [18, 

Fig. 20.10 Fully guided surgery for full arch 
rehabilitation
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164–166]. In addition, depending on whether 
researchers want to address a specific topic or the 
clinical objective (implant placement), in  vitro, 
ex vivo, or clinical trials are of value.

In Vitro
These studies can constitute the first step when 
assessing a new surgical template or a new dynamic 
guidance system since they enable the best control 
of confounding factors such as operator experi-
ence, CBCT quality, or manufacturing distortion.

When preparing for an in vitro study, research-
ers should consider the following key features:

Validation Procedures—They serve to illus-
trate and quantify deviations between the clinical 
and software-planned position of dental implants. 
Angular and linear (coronal, apical, and depth) 
accuracy should be assessed as direct measure-
ments or 3D superimposition software with root 
mean square values (Fig.  20.11) [56, 134, 140, 
141, 167].

Confounding factors—Depending on the 
study objective, and to be able to mitigate con-
founding factors, such as manufacturing interfer-
ence, different templates shall be manufactured 
from the index implant planning model and devi-
ations in the internal geometry of the implant 
sleeves evaluated [150, 168].

Inter-groups comparisons—When using 
in vitro studies to compare different systems, an 
index model appears to be helpful, and inter- 
group variability must be assessed.

Inter and intra-operator assessment—
Researchers should evaluate the operator influ-
ence in the implant placement, and for that, 
intra- and inter-operator variability should be 
assessed since it is a known factor for result inter-
ference [169, 170].

In Vivo
When preparing an in  vivo study, researchers 
shall consider the following key features:

• Pragmatic—studies should compare the accu-
racy of Guided Implant placement with the 
implant placement gold standard (CBCT plan-
ning and freehand placement) within values 
that can are clinically significant [171, 172]. 
Safe distances from vital anatomical struc-
tures should also be checked as well as implant 
survival, bone loss, and clinical complications 
(surgical and prosthetic) [94].

• Outcomes definition—When assessing in vivo 
accuracy, researchers should clearly define the 
study objectives and outcomes. Endpoints 
such as accuracy can be defined as angular and 
linear deviations between planned and placed 
implants and assessed by superimposition 
methods with as dicom or stl files [161, 
173–177].

• Material and Methods description—A clear 
description regarding subject characteristics, 
template support, implant placement, type of 
manufacturing, implant characteristics and 
position, reference model, and accuracy 
method determination should be present in the 
material and methods section, thus allowing 
for inter studies comparisons.

• Inter and intra-operator variability—While 
using digital systems for implant placement 

Fig. 20.11 Three-dimensional evaluation of the virtual 
planned and the placed implants. A= coronal; B= apical; 
C= depth; α= angle
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there is a learning curve that could interact 
with the implant placement accuracy and 
because of this the intra and inter-operator 
variability should be evaluated. The main 
problem for this type of design is the associ-
ated economic cost although it would mitigate 
the operator or device bias.

• Biological variability—confounding factors 
such as jaw opening, saliva, blood or other 
factors in clinical situations are present and 
should thus be taken into account when per-
forming sample size determination [178].

20.4  Computer-Assisted 
Rehabilitation

20.4.1  CAD-CAM Restorations, 
Abutments, 
and Superstructures

Digital implant prosthodontics in routine dental 
practice is seldom with a fully digital workflow, 
being some of the individual work steps mostly 
undertaken by conventional procedures 
[179–181].

Nowadays the growing field of implant- 
impression procedures is related to the use of 
intraoral optical scanners and computer-assisted 
design/computer-assisted manufacturing of 
superstructures, restorations, or/and abutments 
[179, 182, 183].

For implant-supported restorations due to 
reduced mobility of dental implants [184], the 
passive fit is critical when compared to teeth- 
supported rehabilitations [185].

Although the passive fit is difficult to describe 
we could consider it as an accuracy parameter 
that does not cause long-term clinical complica-
tions which according to some authors corre-
sponds to discrepancies below 150 μm [96, 186].

In contrast, others put this threshold, between 
50 and 75 μm [95, 97, 187], although there is a 
consensus among several authors that marginal 
openings below 120 μm are clinically acceptable 
[188–193]. As these numbers include the cumu-
lative errors of the different working steps in the 

final implant-supported restoration, when per-
forming studies regarding an individual step, the 
discrepancies should be lower than the overall 
threshold.

Different means of fabrication are applicable 
for treatment with implant-supported fixed dental 
prostheses: a conventional, a mixed conventional- 
digital approach, using a technical concept of 
framework plus veneering, or, in contrast, full- 
contour, monolithic restorations which in some 
cases can be performed fully digitally (Fig. 20.12) 
[179, 180, 182, 194–197].

Like CAD/CAM crown fabrication, there are 
two digital workflows used in fabricating a cus-
tom abutment. In the first, a conventional 
impression is made to fabricate a master cast 
which in turn is scanned using a desktop scan-
ner and in the second, a digital impression is 
made using scan bodies to obtain the digital 
master cast [198].

When evaluating study design in CAD-CAM 
restorations we should consider the two major 
steps where discrepancies might take place: Data 
acquisition and computer-assisted milling.

20.4.1.1  Data Acquisition 
in Computer- Assisted 
Restorations

Digital implant impressions are challenging, with 
multiple implant scanning presenting accuracy 
problems when compared to single units, arising 
from error accumulation throughout the digital 
workflow. Factors such as lack of landmarks, 
scan body design, scanned surface characteris-
tics, sensor size, scanning strategy, software, and 
other variables can affect accuracy. Although, the 
clinically acceptable level of misfit of the 
implant-supported restoration according to previ-
ous studies should not exceed 120 μm, we main-
tain that the acceptable level of misfit relates to 
the extent of the implant-supported restorations, 
thus creating additional problems when wanting 
to standardize the cut-off point of clinical signifi-
cance [117].

Study design for data acquisition should fol-
low the principles previously stated in Sect. 
20.3.1.2.
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Fig. 20.12 Workflow combinations between digital and conventional manufacture of implant-supported 
rehabilitations

20.4.1.2  Computer-Assisted Milling
CAD/CAM of implant abutment and/or frame-
work is much simpler and requires less technical 
time and involvement in comparison to the lost 
wax/casting protocol.

When performing studies in this area it is 
decisive to follow a standardized technical 
approach and comply with the ISO 12836 [2], 
assessing the accuracy of the milling devices 
used according to standard protocols, or follow-
ing a clinical perspective of accuracy utilizing the 
120 μm discrepancy threshold for different man-
ufacturing technologies and durability of differ-
ent materials.

20.4.1.3  In Vitro Study Design
As stated earlier, milling is anticipated to elimi-
nate the lost wax and casting of prostheses, which 
is assumed will improve the overall precision. 
However, milling accuracy is not only dictated by 
the milling process itself but also by materials 
properties, with higher material hardness corre-

sponding to lower machinability and more 
uncontrolled forces [199–201]. As such, milling 
is a process with different intervening factors that 
can influence the clinical accuracy outcome of 
implant restorations and should be assessed 
according to specific study designs [202].

In vitro studies must be considered as the first 
step in assessing a new implant restoration manu-
facturing process since they allow for the control 
of most confounding factors.

When preparing for an in vitro study, research-
ers shall consider the following key features:

• Outcomes to assess—depending on the objec-
tive, researchers can propose the evaluation of 
the accuracy, dimensional distortions, durabil-
ity, and wear of different milled materials
 – Accuracy (precision of fit)—Vertical, hori-

zontal, and occlusal misfit should be deter-
mined by a proven method such as 
stereomicroscopy, X-ray micro-computed 
tomography, coordinate measuring or by 
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means of a video measurement machine or 
even a scanning electron microscope.

 – Dimensional distortions—implant frame-
work misfit is a result of accumulated dis-
tortions that occurred during the clinical 
and laboratory steps. While performing 
in  vitro studies dimensional distortion 
between a digitally planned implant frame-
work or restoration and the obtained physi-
cal analog can be assessed with the help of 
calibrated industrial computed tomography 
or scanner, conversion to STL files, and 
volumetric quality assessment software.

 – Materials load and Wear behaviors—
milled materials behavior should be deter-
mined by standardized methods. Specific 
methodology regarding material propri-
eties will not be discussed here as this is 
not the chapter’s objective.

 – Stress distribution—load distribution over 
bone tissue from different framework 
materials could influence implant survival 
rate. For this, in vitro finite element analy-
sis can be used.

• Material and Methods description—
Depending on the variables to assess a clear 
description regarding the reference model, 
scanner specifications, type of manufacturing 
and intrinsic accuracy, implant characteristics 
and position, and accuracy method determina-
tion should be present thus allowing inter 
studies comparison. Additionally, sample size 
determination and power analysis should be 
reported.

• Confounding factors—Depending on the 
study objective, and in order to mitigate con-
founding factors, such as impression interfer-
ence, different frameworks should be 
manufactured from the index implant model 
and deviations evaluated.

• Intra- and Inter-groups comparisons—When 
comparing different manufacturing systems or 
materials intra- and inter-group variability 
should be assessed.

20.4.1.4  In Vivo Study Design
In vivo study design should focus on important 
clinical outcomes such as long-term biological 

and prosthetic complications, patient-centered 
and cost-effective outcomes.

When preparing an in vivo study, researchers 
should take into account the following key 
features:

• Pragmatic vs Explanatory Trial—Clinical tri-
als design could have a different focus depend-
ing on the study objectives.
 – Pragmatic design—randomized trials that 

aim to compare the effectiveness of two or 
more interventions in real-world settings 
[203]. Trials should be designed to inform 
clinicians regarding the comparative bal-
ance of benefits, burdens, and risks of the 
intervention at the level of the individual or 
general population [204]. Outcomes such as 
long-term biological or prosthetic complica-
tions and patient-centered or cost- effective 
outcomes should be addressed [205]. This 
type of trial requires a more complex design 
and is not suitable for early trials that aim to 
explore the accuracy of a new manufactur-
ing technique or material [206].

 – Explanatory design—The use of standard-
ized protocols according to previously 
described checklists decreases the risk of 
selection, performance, detection, and attri-
tion bias, thus increasing internal validity 
by allowing for an unbiased distribution of 
confounding factors between groups. This 
type of design aims to investigate whether a 
manufacturing technique or material could 
work under ideal conditions.

• Outcomes definition—When assessing in vivo 
clinical performance, researchers should 
clearly define the study objectives and out-
comes. Endpoints such as biological compli-
cations (implant survival/success, 
peri-implantitis, marginal bone loss, etc.), 
mechanical complications (prostheses sur-
vival/success, ceramic chipping, decementa-
tion, framework fracture, etc.), peri-implant 
mucosa, and aesthetic assessment should be 
determined by proven methods.

• Material and Methods description—A clear 
description regarding subject characteristics 
(partially or totally edentulous, parafunctional 
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habits), implant characteristics and position, 
impression technique and materials (conven-
tional or digital), type of prostheses manufac-
turing, prostheses type (screw or 
cement-retained), materials (metal ceramic, 
zirconia-ceramic, monolithic zirconia, full 
ceramic, etc.), and outcomes determination 
should be present in the material and methods 
section thus allowing for inter studies 
comparison.

• Survival/Success analysis—For survival/suc-
cess rate analysis a Kaplan-Meier approach 
should be used, as well as the Cox propor-
tional hazards model for analysis of predictor 
variables. Sample size determination should 
be addressed in this section [207–209].

• Inter and intra-operator variability—Clinical 
and laboratory procedures, even following a 
standardized protocol, have an intrinsic opera-
tor variability and for this purpose, the intra 
and inter-operator variability should be evalu-
ated. The main problem for this type of design 
is the associated economic cost although it 
would mitigate the operator or device bias.

20.4.2  Monitoring Occlusion, 
Parafunction, 
and Orthofunction

Dental occlusion is an important aspect of 
implant dentistry since the biomechanics in 
implant-supported prostheses differ from tooth- 
supported occlusion. Nowadays with the increase 
of available clinical digital technologies, we can 
track the kinetics of the mandible and the con-
dyles with digital models, thus allowing for con-
trol of the occlusal function.

Recent attempts to establish guidelines for the 
use of digital devices for studying occlusion 
functions have been published in terms of exami-
nation protocol [210] and for diagnosis of para-
function [211].

It is expected that in the following years stud-
ies of these new devices in relation to occlusion 
accuracy, parafunctional diagnostic potential, 
and ability to assess wear will be needed.

20.4.2.1  Digital Articulators, 
Facebows, and Jaw-Tracking 
Devices

Although the evolution of digital technology con-
tinues to improve patient data acquisition, the 
ability to both standardize the recording of the 
maxillary occlusal plane and capture the neces-
sary dynamic data for dento-facial analysis 
remains elusive. In the last years, several devices 
have been described, mostly in case reports [212–
218] where by the use of different methods the 
maxillary surface model is located in its skull- 
related position in a virtual dental space and in 
this coordinate system, electronically recorded 
mandibular movements can be used for dynamic 
occlusal analysis [212, 219–225].

Currently, most of the commercially available 
CAD/CAM systems provide a virtual articulator 
simulator, being the main problem in transferring 
the data from the patient to the simulator.

Studies that compare the accuracy of digital 
articulators’ occlusion and dynamic movements 
with conventional methods are necessary to 
develop standard methodologies to be part of 
everyday clinical practice [210, 226].

In vitro studies are the first step in assessing 
new digital technologies since they allow for the 
control of most confounding factors.

In Vitro Study Design
Key features to be considered when designing an 
in  vitro study to evaluate digital articulators’ 
accuracy:

• Outcomes definition—Precision and trueness 
should comply with ISO definitions when 
evaluating the diagnostic accuracy of digital 
articulators. Depending on study objectives, 
repeatability, reproducibility, and dispersion 
measures could also be considered [104].

• Methods standardization—The methods 
should describe how the outcomes were mea-
sured, the reference models and scanner 
 characteristics and the conventional and digi-
tal methods for occlusion acquisition and 
comparison. Several methodologies have been 
proposed from a comparison of spatial dis-
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tances in occlusion points between methods 
[225], agreement of interocclusal contacts 
[227], areas of occlusion [228], receiver- 
operator curves [228] or condylar inclination 
and bennet angles [229].

• Validation of Accuracy Method—Researchers 
using digital technologies should validate and 
evaluate the reliability of the method used for 
accuracy determination.

• Operator and equipment variance—Most 
studies consider operator variance but very 
few address the possibility of variance 
between identical pieces of equipment.

In Vivo Study Design
In vivo study design should focus on important 
clinical outcomes such as long-term biological 
and prosthetic complications, and patient- 
centered and cost-effective outcomes.

When preparing an in vivo study, researchers 
should take into account the following key 
features:

• Pragmatic—Studies should compare the 
accuracy of these new devices/technologies 
with a gold standard within values that can 
have clinical significance.

• Outcomes definition—When assessing in vivo 
accuracy, researchers should clearly define the 
study objectives and outcomes. Endpoints 
such as accuracy between conventional and 
digital articulators should be defined.

• Material and Methods description—A clear 
description regarding subject characteristics 
(partially or totally edentulous), analogic and 
digital acquisition method and accuracy 
method determination should be present in the 
material and methods section thus allowing 
for inter studies comparisons.

• Inter and intra-operator variability—While 
using the jaw tracking devices and digital 
articulators presents a learning curve that 
could interact with accuracy determination. 
When performing in vivo studies, we should 
take into account patient intra-variability and 
researchers should ideally evaluate at least 
three different records per patient per method 
to mitigate patient confounding factors.

• Sample Size—To draw reliable conclusions 
studies should include a large number of 
patients based on a statistical sample size 
determination taking into account possible 
attrition bias.

20.4.3  Virtual Dental Patients: 
Digital Superimposition 
Techniques

For more than a century, analogic and digital 
techniques have been developed to analyze facial 
characteristics [230–232]. Facial scanning in 
association with intraoral scan and bone anatomy 
imaging allows the reproduction of the static 3D 
virtual patient and it is expectable that in the 
forthcoming years, we will be able to bring 
together the additional technologies to create the 
4D dynamic virtual patient. Healthcare provid-
ers, patients, and educators will benefit from this 
further development in dental medicine, but for 
that, the successful fusion of intraoral and facial 
surfaces with dynamic occlusion movements 
combined with skeletal anatomy imaging is nec-
essary [215, 233].

The first step while developing ground- 
breaking technologies or methodologies should 
be by developing feasibility studies to assess the 
practicality of the proposed method or system. 
They should be used to estimate important 
parameters that are needed to design the main 
study, mainly [234]:

• Outcomes definition—feasibility studies 
might involve designing a suitable outcome 
measure or characteristics of the proposed 
outcome. Endpoints such as accuracy between 
planned and obtained results should be 
defined.

• Sample size—standard deviation of the out-
come measured to be able in some cases to 
estimate sample size.

• Participants—estimate the number of eligible 
participants and willingness of clinicians to 
recruit participants and of participants to be 
randomized.

• Time—needed to collect and analyze data.
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• Methodology—methods to superimpose and 
fuse files from different technologies should 
be evaluated for repeatability and accuracy.

20.5  Critical Appraisal of Flagship 
Results from the Literature 
Related to Specific 
Methodologies 
and Outcomes

20.5.1  Computer-Guided Implant 
Placement

Historically, freehand implant placement is still 
the technique most often used amongst clini-
cians, where execution of the treatment plan is 
guided by mental navigation [170] which inevita-
bly leads to inaccuracies in implant positioning. 
Several factors can intervene in the accuracy 
level such as operator experience, single- or mul-
tiple implant placement, and angulated implants 
between others. With the increasing demand over 
recent years for more appropriate implant posi-
tioning, tools for computer-guided implant place-
ment have been regularly reported in the 
literature: robots, static and dynamic guidance. 
Although robots are accurate tools in the transfer 
of the treatment plan to patients, due to their high 
cost and low availability they are still in the 
research phase and not in standard clinical use. In 
relation to static and dynamic guidance, consid-
ering all the possible confounding factors and 
limited scientific evidence, the results suggest:

• Guided surgery vs freehand implant place-
ment—Guided surgery leads to similar 
implant survival rates to conventional free-
hand protocols in single implant placement 
with reliable implant positioning, favorable 
clinical outcomes, and asthetics. A tooth- 
supported template for the treatment of single 
missing teeth results in greater accuracy of 
implant positioning than with mucosa- 
supported or bone-supported templates. 
Long- term clinical trials are needed in par-
tially edentate patients for clinical perfor-

mance, patient-centered and cost-effective 
outcomes [235].

• Static vs dynamic guidance—Initial data sug-
gests similar accuracy between systems and 
higher accuracy than freehand placement 
[164].

• Full-guided surgery vs. half-guided surgery—
full-guided implant surgery showed signifi-
cantly less horizontal coronal deviation for 
cadaver studies, significantly less horizontal 
apical deviation for clinical studies, and sig-
nificantly less angular deviation for both clini-
cal and cadaver studies [236].

• Tissue support—The bone-supported guides 
presented a statistically greater significant 
deviation in angle, entry point, and apex when 
compared to the tooth-supported guides. 
Between the mucosa- and tooth-supported 
guides, there were no statistically significant 
differences for any of the outcome measures, 
although with a favorable trend in the tooth- 
supported guides with minor deviations [162].

• Patient-reported outcome measures and expe-
riences—Conventional and guided surgery 
obtained a similar post-operative level of 
patient satisfaction, analgesic intake, edema, 
and pain. Nevertheless, the economic effects 
in terms of time efficiency and treatment costs 
need well-designed RCTs with standardized 
parameters [237, 238].

20.5.2  Digital Implant Impression 
Procedures

Implant-supported prostheses fit relies on several 
factors, one of the most important being the accu-
racy of the impressions. Several systematic 
reviews addressing the accuracy of conventional 
techniques have been published in recent years 
with results favoring direct to indirect impres-
sions and splinted over non-splinted techniques, 
particularly with an increased number of implants 
[239–241]. To reduce some of the disadvantages 
of the conventional techniques (patient discom-
fort, uncontrolled variables during the different 
individual variables, and expensive laboratory 
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and chair time), digital impressions have been 
proposed as a viable alternative for tooth- and 
implant-impressions. Additionally, in the last 
years, the use of photogrammetry for complete- 
arch implant impression has been proposed as a 
viable option although with contradictory results 
between studies [242–245].

To date, there is scarce evidence available 
regarding digital implant impressions with sev-
eral case reports but few published in vivo stud-
ies. Based on the limited evidence available, 
results suggest [116–118, 246].

• Outcomes definition—Trueness and precision 
definitions should be standardized according 
to ISO requirements.

• Digital vs conventional impressions—Digital 
implant impressions may offer a valid alterna-
tive with accuracy within the clinically 
accepted values for single- and multi-unit 
implant-supported restorations.

• In vivo vs In vitro conditions—Clinical factors 
such as operator experience, patient move-
ment, saliva, blood, soft tissues, scanning 
location, size of edentulous area, implant 
angulation, distance, and depth are factors that 
could interfere with in vivo accuracy studies.

• Edentulous Area—Based on the available 
data, and while presenting promising in vitro 
results in single and short-span implant resto-
rations, in vivo studies should be performed to 
evaluate the clinical accuracy of these devices. 
For full-arch implant restorations, it seems 
that nowadays the conventional impressions 
are still more predictable when compared to 
intra-oral scanners acquisition.

• Fast-paced technology—Due to constant 
changes in the software and hardware, reli-
able, and standardized methodology should be 
used to compare accuracies and provide 
guidelines.

• Patient-centered and time-effectiveness out-
comes—Based on preliminary data it seems as 
if digital techniques emerge as the most 
favored according to patient-centered out-
comes and are more time-effective compared 
to conventional impressions [179, 247–252].

20.5.3  CAD/CAM Implant Dental 
Restorations

20.5.3.1  Milling
The CAD/CAM production process uses either 
direct or indirect digitalization, enabling the 
design, analysis, and manufacture (additive or 
subtractive) of crowns by means of a computer. 
Considering the variety of restorative materials 
and CAD and/or CAM systems studied and that 
the vast majority of available studies are in vitro, 
results suggest [202, 253]:

• The performance of a CAD-CAM system rel-
ative to marginal adaptation is influenced by 
the restorative material.

• Most of the comparative studies involving 
CAD/CAM dental restorations or infrastruc-
ture showed results within the clinically 
acceptable range.

• No clear conclusions can be drawn relative to 
marginal adaptation on the superiority of 
CAD/CAM milling technology as opposed to 
the casting technique and direct metal laser 
sintering processes.

• CAD-CAM implant restorations have shown 
promising results in the short-term, although 
with limited quality studies and the paucity of 
data on long-term clinical outcomes of 5 years 
or more [254, 255].

20.6  Expert Opinion: Main 
Outcomes to Assess/Achieve 
in the Next Years—Expected 
Breakthroughs

A technological revolution in the implant den-
tistry field has been brought about in recent 
decades with the introduction of a new concept in 
clinical practice known as “digital workflow”. It 
is foreseen that with the increasing accuracy of 
these digital systems, we will achieve a full digi-
tal workflow from planning through to prosthesis 
placement in all types of implant-supported reha-
bilitations (single, partial, or full arch) in the near 
future.
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However, there is still room for improvement 
in some areas where further breakthroughs are 
expected. For example, the diagnostic ability of 
3D systems to integrate CBCT exams and intra-
oral scanners still lack the quality to provide clin-
ically predictable outcomes in full arch 
implant-supported rehabilitations.

We also expect in forthcoming years to wit-
ness major breakthroughs in algorithm software 
for CBCT scans and intraoral scanners, thus 
improving digital implant placement accuracy. 
The use of infrared or ultrasound systems in 
intra-oral scanners has also been described in the 
scientific literature with promising results, thus 
overcoming one of the major disadvantages of 
intra-oral scanners (infragengival preparations). 
The use of photogrammetry for full-arch is 
expectable to overcome conventional impression 
accuracy being the superimposition with intra- 
oral scanner soft tissue relationship an advantage. 
In the last years, some systems have been 
described to render the patient’s functional 
dynamic occlusion in the virtual world, and we 
expect that following method validation we could 
have the final missing component to a fully pre-
dictable digital workflow.

When comparing static and dynamic guided 
surgery, both systems have already provided 
results with clinical significance with the expec-
tation that in forthcoming years we will see 
affordable systems with a higher degree of 
accuracy.

In prosthesis manufacture the degree of accu-
racy for the milling systems is already compara-
ble or even better than the conventional methods. 
We believe that the future will be centered on 
additive methods such as 3D printing, not only 
because of efficient material usage but also layer-
ing control in the range of microns, thus provid-
ing much higher degrees of accuracy.

We are convinced that the digital world has 
now arrived in the field of implant dentistry and 
that the next decade will see a paradigm shift in 
the way treatment is planned and executed with 
digital technologies bringing in a new era of 
quality, precision, and predictability.
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21Insight into the Statistical 
Procedure

Leticia Grize

Bright ideas are those brought efficiently to real-
ity and translated into benefits. These ideas often 
start with assumptions which are developed as 
hypotheses, and in turn, evaluated and tested. The 
evaluation of ideas requires the collection of data 
and its use for inference testing.

Statistics, a branch of applied mathematics, 
ensures the appropriate collection, description, 
and analysis of data. It warrants an inference of 
the posed hypotheses and the right interpretation 
of the obtained results. The terms biostatistics, 
industrial statistics, federal statistics, and others 
refer to statistics as a science applied to specific 
fields.

Data are usually collected at the sample level 
and sometimes at the population level. A popula-
tion is the entire set of items or individuals for 
which or decisions are to be made. A sample is a 
representative subset of a population. Since rarely 
a population is used as a whole, inferences or 
testing of hypotheses are performed when using 
information from a sample. The sample should 
contain enough study individuals or items to 
assure hypothesis testing with a certain statistical 
power.

The hypothesis of the investigation 
describes what is to be proven is true or not. 
Therefore, there are always two mutually 
exclusive statements. The first one is the base-
line hypothesis or null hypothesis which is 
usually of the form ‘there is no difference’ or 
‘there is no association’. The opposite is the 
alternative hypothesis of the form ‘there is a 
difference’ or ‘there is an association’. A mea-
sure for or against a hypothesis is provided by 
a P value (probability).

The proper statement of a hypothesis is very 
important, it should be expressed first in words 
and then in statistical terms.

Data are facts and figures collected in the pro-
cess of an investigation and can be quantitative or 
qualitative. Quantitative data arise from measure-
ments (how much or how many) and qualitative 
data, strictly speaking, from the classification of 
narrative information.

Data collection is organized and recorded in 
terms called variables, variables are of the fol-
lowing nature:

Categorical
• Ordinal which indicates an order in the cate-

gorization of its values (e.g., always, some-
times, never).

 – Nominal if the categorization of its values 
cannot be ordered (e.g., gender: female, male).

 – Numerical.
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 – Continuous if there is an infinite number of 
collected values or measurements.

 – Discrete if it is countable, values are integers 
or whole numbers.

21.1  Statistical Analysis

The analysis should start with the visualization of 
the data. This can be achieved by summarizing 
the data in tables or graphs. Categorical variables 
can be summarized as counts and proportions or 
percentages and numerical values by calculating 
parameters such as means, standard deviations, 
median, and ranges. These parameters are usu-
ally set in tables for easy examination. There are 
many graph types with which one can easily 
visualize the obtained information. Histograms 
or bar plots are used to present the frequencies or 
percentages of categorical variables, box plots 
show the distribution of continuous variables, 
scatter plots show the association between two 
continuous variables, and so on.

Data visualization helps to determine if the 
data values are feasible or were caused by errors 
in data entry. Outliers are values which seem to 
be out of the feasible range, usually solitary 
points in the visualization graphs. The cause of 
an outlier should be investigated because not all 
outliers are errors or non-feasible values, such 
outliers can be or not influencers in the analysis 
results.

After controlling the data values, the follow-
ing step is to calculate descriptive statistics which 
characterize and describe the sample used for the 
investigation. This allows the comparison to sam-
ples for which information already exists in pub-
lished form or for other investigators to confirm 
the findings of the present investigation.

Obviously, the next step would be to confirm 
inferences and perform comparisons. There are 
many statistical techniques or methods, but those 
used depend on the type of the collected data and 
the hypothesis to be tested.

The last step is the presentation and interpre-
tation of the results. The report of the results 

should include the used sample size, the 
obtained size of the effect (usually reported as 
difference, ratio, risk, or other), a measure of 
deviation (standard deviation, standard error, or 
a confidence interval), and/or a P value. 
Scientists and experts knowledgeable in the 
matter in conjunction with the statistician or 
person who performed the analysis should inter-
pret the results.

The following lists terms which should be in 
mind when planning an investigation (a study):

Study types:
Observational studies—the conditions of interest 

are observed in the sample or population 
(there is no treatment or intervention). Usually, 
there are comparisons performed among 
groups with certain characteristics.

• Cross-sectional studies—information is col-
lected at only one time.

• Longitudinal studies—information is col-
lected at different points in time.

• Case-control studies—Individuals with a cer-
tain outcome or disease and an appropriate 
group of appropriate and matched controls are 
selected and then compared.

Experimental studies—a treatment is given or an 
intervention performed on a part of the sample 
and its effect compared to the untreated part of 
that sample.
 – Randomized control trials—individuals in 

the sample are allocated to treatment/inter-
vention or no treatment (placebo)/control 
randomly.

 – Crossover design studies—control trials in 
which each individual in the sample is 
exposed to two treatments or therapies. 
Individuals are randomized first to treat-
ment and in a second step to the other 
treatment.

 – Cohort studies—data are obtained from 
groups exposed/not exposed to a technol-
ogy or factor of interest. No allocation of 
the exposure is made by the researcher, but 
data or information is already given (e.g., 
patient records or databases).
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21.2  Sample Size Determination

Sample size refers to the number of observations 
or experimental units necessary to be included in 
a study to assure inference testing with a certain 
statistical power. There are three factors required 
to determine the sample size: the effect size, the 
wished statistical power to detect the difference, 
and the level of significance [1].

 – Effect size is the difference in measurement 
(size and deviation) or difference in propor-
tions between the comparison groups.

 – Statistical power is the likelihood/probability 
that a study will yield a statistically significant 
effect (the ability to detect a difference).

 – The level of significance or the alpha level is 
the probability of making the wrong decision 
with the null hypothesis. The most used value 
is alpha level of 0.05 (5% probability), but 
other values could be used (an alpha level of 
0.001 could be used in cases of detrimental 
effects or a level of 0.10 when the effects are 
not of much importance).

Some measures of central tendency and dis-
persion [2]

 – Mean is the simple average of all the data 
(sum of all values divided by the number of 
values).

 – Standard deviation is a measure of the average 
difference between the mean and each data 
value. It indicates how dispersed the data are.

 – Standard error is the uncertainty of the sample 
mean.

 – Median is the middle value when the values 
are arranged in ascending order of size.

 – Percentiles are points which divide the distri-
bution of the data into sets of percentages 
above or below a certain value (the median 
and quartiles are examples of percentiles, 
respectably, the 50%, 25%, and 75%iles).

 – Interquartile range is the range of values that 
includes the 50% of values bounded by the 
lower (25%) and upper (75%) quartiles.

 – Range is the difference between the smallest 
and largest value usually expressed as mini-
mum and maximum.

 – Confidence intervals are a range of values that 
is likely to include the estimate (mean, ratio, 
risk) with a certain degree of confidence [3]. A 
95% confidence interval mean that 95 out of 
100 times, the created interval will include the 
population parameter.

21.3  Probability Distributions

Every variable has a unique corresponding distri-
bution. To draw precise conclusions about a pop-
ulation based on a sample taken from that 
population it is necessary to understand the prob-
ability distribution corresponding to the popula-
tion [4]. Of all the distribution types, three are 
mostly used in biomedical and health science 
research:

 – Binomial distribution is the discrete probabil-
ity distribution of the number of successes in a 
sequence of a determinate number of indepen-
dent experiments.

 – Poisson distribution is the discrete distribution 
when the number of events which occur over a 
period of time, area, volume, or space is small 
in a large sample.

 – Normal distribution is the most used distribu-
tion of continuous random variables. The 
graph of a normal distribution is a symmetric 
bell-shaped curve centered at its mean with a 
certain dispersion.

Which statistical tests to use to test inferences 
(described in a simplistic manner)

 – One sample t-test: used to test whether a sam-
ple mean, from a normally distributed vari-
able, differs from a hypothesized value.

 – One sample median test (signed test or signed 
rank test): used to test if a sample median dif-
fers significantly from a hypothesized value. 
This is a non-parametric test and is used when 
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sample sizes are small or the distribution of 
the variable is non-normal [5].

 – One sample binomial test allows to test if the 
proportion of successes on a two-level cate-
gorical variable differs from the hypothesized 
value.

 – The Chi-square goodness of fit test allows to 
test whether the observed proportions for a 
categorical variable differ from hypothesized 
proportions.

 – Two independent samples t-test: is used to 
compare means of normally distributed depen-
dent variables for two independent groups.

 – Mann-Whitney U-test, a non-parametric test 
analog to the independent samples t-test, is 
used when the distribution cannot be assumed 
to be normal.

 – Chi-square test: is used to examine the rela-
tionship between two categorical variables, 
this compares the proportions of a characteris-
tic in different groups. This test assumed that 
the counts in the different levels are 5 or more. 
If the counts for any level is less than five, the 
test to use is the Fisher exact test.

 – One-way ANOVA: is used when the means of 
a measured, dependent variable, is to be com-
pared among different groups (a categorical 
independent variable).

 – Kruskal Wallis test: is the non-parametric ver-
sion of the one-way ANOVA.

 – Paired t-test: is used when two observations 
are made in the same subject and it is wished 
to know if the means of the two normally dis-
tributed variables differ from one another.

 – Wilcoxon signed rank sum test; is the non- 
parametric version of a paired t-test.

 – McNemar’s test: used to compare binary out-
comes on dependent samples (paired or 
matched).

 – Correlation and regression are used to investi-
gate the association between two variables. 
Pearson correlation and regression analysis 
are used when the variables are continuous 
and the Spearman correlation and logistic 
regression when the variables are categorical.

 – Regression analysis examines or evaluates the 
association between outcome or dependent 

variables and predictors or independent vari-
ables [6]. The associations between dependent 
and independent variables in regression analy-
sis are expressed in equations or models.

A simple linear regression allows to look at 
the linear relationship between one predic-
tor and a normally distributed outcome.
A simple logistic regression assumes that 
the outcome is binary (two-category vari-
able) and a predictor or independent vari-
able (Hosmer and [7]).
Multiple regression, linear or logistic, is 
similar to simple linear logistic regres-
sions, but there more than one predictor 
variable is involved.
Mixed regression models are used when in 
addition to the predictors are of fixed (the 
usual independent variables) or random 
character (e.g., the effect of the individuals 
in the sample). These are used when there 
is more than one measurement per individ-
ual but there are not repeated. Repeated 
measurements should be declared as such.

 – Kaplan-Meier method and Cox regressions 
are used to evaluate the survival or probabili-
ties of an event in time. The Kaplan-Meier 
allows visualization of the probability with 
time and Cox-regressions provide a measure 
of the risk of non-survival or the occurrence of 
an event [8].

There are many other statistical techniques 
such as those to evaluate agreement between 
measurement methods, those to perform quality 
control, multivariate multiple regressions for 
cases when there would be two or more depen-
dent variables, and many others which were not 
cited.

The statistical tests described above, if not ref-
erenced are described in Kim and Daily [4].

21.4  The Role of a Statistician

It is only advantageous when a statistician is part 
of the investigation team. A statistician has the 
mathematical and statistical knowledge and the 
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ability to use appropriate computing facilities to 
support scientists who carry out an investigation. 
The statistician must be willing to acquire the 
required knowledge for a full understanding of 
the study matter and to communicate with other 
members of the team in clear and understandable 
terms.

The scientists or clinical experts should make 
sure that the statistician understands the purpose 
of the study and gets to know the basics of the 
‘science’ involved to help with the design and 
hypothesis statement. They should also provide 
the statistician with the numbers (own assump-
tions or based on published literature) necessary 
to calculate sample sizes. It is the responsibility 
of a statistician to provide an analysis plan 
describing the techniques to be used in data qual-
ity assurance, description of the characteristics of 
experimental units, and inference testing. 
Nevertheless, the analysis plan should be written 
in partnership with the scientists and should be 
included in the study protocol [9].

In a few words, the statistician should partici-
pate in all stages of a project, from the design and 
study protocol development, through measure-
ment, data control, and statistical analysis to 

interpretation of results and statement of the 
study conclusions [10]. A study well planned 
assures its success.
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