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person has no right to be other than a continuous student.” 
The focus of the authors and editors who participated in the 
1969 orthodontic text—and those who now do so in what is the  
eight iteration1 has remained the same. We want to support  
orthodontic educators, the residents they teach and the “con-
tinuous students” orthodontic specialists must become.

With these thoughts as a background, it is to the educators 
and the orthodontic residents of the past, present and future we 
wish to dedicate the sixth edition. They embody the purpose of 
this text, because it is from their efforts our supportive science 
and clinical practice has grown and on their shoulders that rides 
the future development of our dental specialty.

1This is the sixth edition of the current series, with the title of the  
textbook and publisher changed in 1985. The first edition of the cur-
rent series was the third for the text and included a change in title and 
publisher. 
Pictures shown are from top row left: Edward H. Angle and the Class 
of 1900 of the Angle School of Orthodontia, from American Journal 
of Orthodontics and Dentofacial Orthopedics, 148:2, cover, 2015; 
Charles H. Tweed (glasses and bow tie) demonstrating patient at 
1940’s meeting (courtesy Rolf G. Behrents); Lysle E. Johnston lecturing 
to residents on cephalometrics (courtesy Rolf G. Behrents); Robert L. 
Vanarsdall lecturing to residents on three dimensional imaging, 2016. 
Bottom picture is of resident attendees and faculty at the Graduate 
Orthodontic Residents Program outside the American Association of 
Orthodontists building, St. Louis, 2015 (courtesy Rolf G. Behrents).

Every text that is conceived, written and published starts with 
a purpose. Although this is the sixth edition of Orthodon-
tics: Current Principles and Techniques, the concept of this 
multi-authored graduate level textbook started in the late 
1960’s with work that culminated in the 1969 publication of 
Current Orthodontic Concepts and Techniques. Why do a grad-
uate level textbook? The answer was very simple: The principal 
editor and author Tom Graber, when interviewed later in life 
said it best—“There was a need.” “The need” was defined by a 
widely held perception that there was a lack of supportive ma-
terials for clinicians teaching in orthodontic specialty education 
programs. Indeed, many of those who served as instructors and 
lecturers were private practice clinicians with little or no back-
ground in professional education.

The authors sought to provide a vehicle for educators to meld 
the then existing scientific basis of orthodontics with clinical 
practices in a manner that could be universally used. Course 
outlines that followed the textbook chapters as well as support-
ive slides were made available to help good clinicians become 
better teachers. A secondary but no less important goal for 
the textbook was to provide an organized platform by which 
practicing orthodontists could be updated on current concepts 
within the specialty. Tom Graber championed the need for con-
tinuing professional education and often cited G.V. Black, the 
father of modern dentistry, who had stated, “The professional  
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This is the eighth re-writing of a textbook that has remained the 
most widely used graduate orthodontic textbook in the world 
and has now been translated in to multiple languages. Tom 
Graber was the initial editor in the late 1960s. He was encour-
aged by colleagues within the orthodontic educational commu-
nity to fill what they saw as a void within orthodontic specialty 
programs. They perceived that although there were many excel-
lent graduate programs, there was significant variance in the 
educational assets these programs provided for their residents. 
In bringing together the thoughts of excellent clinicians and 
related scientists in a text specifically meant for the advanced 
study of orthodontics, concepts and techniques could be shared 
with all benefitting.

An additional thought, shared at the time in both academic 
and professional association circles, was the need for a means to 
provide better continuing education to those already in prac-
tice. Today we take for granted that technologies and concepts 
change very quickly, and we must keep ourselves current. For-
ty-five plus years ago, the need was not as self-evident. Thus, in 
developing a textbook with recognized and vetted authorities on 
a wide array of subjects impacting clinical practice, the editors 
could provide a critical resource to those who had completed 
their formal education and were subsequently in primarily solo 
practices offices. The concept was that the text would be a basis 
for continued learning—a foundation on which these clinicians 
could better judge new material seen in their journals and pro-
fessional lectures. By the very nature of this concept, there was 
an inherent demand that the text itself be updated to reflect 
the current basis on which the orthodontic specialty was being 
practiced. This demanded that it be updated on a regular basis, 
reducing emphasis in some areas, adding in others as both basic 
science concepts and clinical techniques further matured.

The task of “keeping current” is not an easy one and has 
become more difficult with the explosion of orthodontic-related 
research and technical development. Additionally, in the early 
years of the text, chapters were developed primarily by North 
American-educated authors. Today’s world of orthodontics 
is significantly expanded with great work being done globally, 
as is seen in the variety of locations listed by authors in our 
most prestigious journals. Tom Graber was often heard saying, 
“Science has no borders!” and as the initial editor of the text 
sought the best and the brightest to contribute, a tradition we 
are proud to uphold to this day. Tom was the solo editor for 
the first two editions published by Saunders and was joined by 
Brainard Swain when C.V. Mosby became the publisher of what 
was then the first edition of the current Mosby (now Elsevier) 
series. Subsequently Tom, seeking a broader expertise to aid in 
the development of the text, was joined in the editorial role by 
Robert Vanarsdall in the second edition and then Katherine 
Vig in the third edition followed by Lee Graber and now Greg 
Huang in this sixth edition. As the scope of the orthodontic 
specialty has grown, so has the need for added editorial back-
ground and expertise.

We write this text with the presumption that those using it 
will have had a basic exposure to orthodontic principles pro-
vided in dental school education both within their undergradu-
ate dental courses and from basic orthodontic texts used in the 
DDS/DMD curricula. The purpose of this graduate orthodontic 

textbook remains the same—to provide a compendium of 
information from authors who are experts in specific topics that 
are considered important to the education of orthodontic spe-
cialists. This was the vision of Tom Graber when he wrote the 
first edition which met with much acclaim from educators who 
used it as the assigned readings for their residents. It is to these 
educators and the orthodontic residents of the past, present and 
future that we have dedicated the sixth edition.

In the writing of this text, we are acutely aware of an added 
need within orthodontic education. That call is to encourage 
current residents as well as clinicians to become part of the 
orthodontic specialty teaching and/or research corps for the 
future. This text demonstrates the broad scope of orthodon-
tics, from basic science concepts to intricate clinical techniques 
as well as patient management considerations. With such 
breadth, the specialty provides opportunities for motivated 
individuals to consider becoming part- or full-time educa-
tors or research scientists (or both). We can all remember the 
teachers we have had who made special impact on our lives. 
They shared their passion for their subject, the excitement over 
their research and their interest in mentoring a following gen-
eration. There is much within the chapters of this text about 
which to have excitement and passion—as well as provide 
motivation for answering still vexing problems through clin-
ical and basic science research.

What is new in the presentation of this sixth edition? The 
most notable changes are in how the textbook may be used. The 
advent of computers and advances in technology for transmit-
ting information have resulted in transforming the methods 
with which we share information and teach students. These 
technology changes have been matched by research in educa-
tion that demonstrates that there is broad variability on how 
individuals learn. By the fifth edition we had started to put part 
of the text online. This sixth edition expands that effort and the 
ease with which the electronic version of the text may be used 
by way of the Expert Consult, a feature rich eBook format for 
medical and dental education. The ability to have added mate-
rial online also increases the opportunity for more content as 
discussed below. Downloading sections and chapters on to your 
computer, laptop or tablet—or even your phone—is now pos-
sible and widely used. Using Expert Consult, readers can access 
and work with the text on any platform and even communi-
cate on material with colleagues through social media. Indeed, 
with the inherent convenience of an electronic format, and the 
opportunities for editors and authors to update material with-
out waiting for a “new edition”, the investment one makes in 
the purchase of the text has the potential to last long after the 
printed publication date. These considerations coupled with 
the high cost of physically printing a textbook, could result in 
the sixth edition being the last one offered in a printed format.

What has changed in terms of content? A lot! Fully one third 
of the material in this edition is completely new. In addition, 
chapter authors from prior editions have been joined with 
co-authors to further update their own material. Improve-
ments range from the organization of the chapters and the 
subject material to the new chapter authors who have joined 
us to provide the best background for orthodontists possi-
ble within the confines of a broad-based textbook. Additional 
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information on the science that supports orthodontics, diag-
nostics and therapeutic interventions has been developed. 
New chapters on adjunctive treatments as well as manage-
ment of the potential adverse sequelae from orthodontics 
have been added. We also have selected several chapters from 
prior editions and placed them online as “classic chapters”. 
These represent clinical topics that had to be incorporated 
into other chapters to maintain the already “heavy” book in 
a manageable size. The material in these online-only chapters 
further expands the scope of the textbook, better matching 
the increased scope of material with which a practicing ortho-
dontist must be knowledgeable.

Finally, the chapters within the text have been reorganized 
to better match the progression of subjects addressed in an 
orthodontic specialty residency program. Section heads provide 
a means by which educators and residents can better identify 
subject material as they move through the material. Equally 
important, the re-organization provides the practicing clinician 
with a logical grouping of subjects that can be efficiently ref-
erenced. As editors, we hope that the challenge of presenting 
added material to residents and practitioners is made easier by 
way of the improved organization of material within the text.

PART ONE
Foundations of Orthodontics
Chapter 1: Craniofacial Growth and Development: Developing 
a Perspective. In the opening chapter of the text, authors David 
Carlson and Peter Buschang provide an up-to-date discussion 
of craniofacial growth and development. They review the basic 
anatomical and functional structures within the craniofacial 
complex, and starting with pre-natal development, describe the 
complex interrelationships influencing form and function. In 
describing the importance of the subject material, they aptly 
state, “…knowledge of how the craniofacial complex develops 
and grows provides the foundation for understanding the etiol-
ogy of the various dental and skeletal malocclusions, the best of 
all possible treatment approaches, and how patients might be 
expected to respond after treatment.”

Chapter 2: Genetics and Orthodontics. James Hartsfield, 
joined in this edition by Lori Ann Morford, has further devel-
oped basic principles of genetics while focusing on aspects that 
directly affect orthodontic clinicians. Clinical concerns includ-
ing aberrant facial growth and development, tooth agenesis and 
size variability, dental eruption problems and tissue response 
to orthodontic forces all are impacted by genetic factors. The 
interaction between environmental factors and genetic expres-
sion determine an individual’s response to treatment interven-
tions. The authors complete their chapter with a look to the 
future and the general movement toward “personalized” medi-
cal and dental treatment.

Chapter 3: The Biologic Basis of Orthodontics: Tissue Reac-
tions in Orthodontics. Birgit Thilander builds on the contri-
butions of prior authors of this chapter, Kaare Reitan and Per 
Rygh. There is a review of the tissue components involved 
in tooth movement followed by a detailed discussion of the 
response of those tissues to various forces. The local tissue con-
sequence of various types of tooth movement are discussed and 
illustrated as well as the long-term tissue changes that take place 
during “retention.” A review of the temporomandibular joint 
underscores the importance of considering tissue reactions in 
locations distant from orthodontic force application.

In Tooth Movement at the Cellular and Molecular Level, 
Zongyang Sun and Nan Hatch provide a new chapter segment 
that focuses on the most current understanding of the control 
of tooth movement, that is, cellular and molecular changes in 
response to physiologic as well as orthodontic forces. The means 
by which external forces are “seen” by cells in order to stimulate 
tooth movement are discussed in terms of the biologic signal-
ing mechanisms involved. The tissue changes outlined in the 
first section of this chapter are further described here in terms 
of components of mechanobiology. There is also a discussion 
on how biomedicine is opening doors to future patient-specific 
treatment alternatives.

Chapter 4: Bone Physiology, Metabolism, and Biomechanics 
in Orthodontic Practice. Eugene Roberts has now been joined by 
Sarandeep Huja to rewrite this chapter focusing on craniofacial 
osteology, the dynamics of bone physiology and the impact on 
orthodontic treatment. In addition, there is detailed discussion 
on osteoblast histogenesis (bone formation), osteoclast recruit-
ment (bone resorption), and how this interplay affects tissue 
response to tooth-moving forces. Bone adaptations to tem-
porary anchorage devices are reviewed as well as those aspects 
that play in favor of retention of mini- screws versus early loss. 
Finally, the authors address how it is possible to increase the 
rates of tooth movement by altering the local environment.

Chapter 5: Application of Bioengineering to Clinical Ortho-
dontics. The late Charles Burstone completed the rewrite of 
this chapter shortly before he died. The recognized preemi-
nent author on orthodontic biomechanics, Dr. Burstone brings 
together physics, mathematics and engineering to provide the 
theoretical background for orthodontic appliance construc-
tion and manipulation. Specific topics include discussions 
of the biomechanics of tooth movement (centers of rotation, 
force magnitude, optimal force and stress), orthodontic appli-
ance components, mechanical properties of wires, selection of 
proper wires, influence of wire size-length-cross-section, arch-
wire design and the role of friction. No matter what appliance 
the orthodontic clinician decides to use, it is these shared phys-
ical principles that affect the biomechanical success and effi-
ciency of treatment.

Chapter 6: Clinically Relevant Aspects of Dental Materials 
Science in Orthodontics. Theodore Eliades is joined in this edi-
tion by Iosif Sifakakis to discuss the important considerations 
for the everyday materials in use by the clinical orthodontist. 
What are the characteristics of different brackets and wire mate-
rials, and how do they influence orthodontic mechanotherapy? 
What are the important clinical concerns with bracket bonding 
materials, and what might prove adverse to the patient if not 
properly managed by the orthodontist? What are the consid-
erations in longterm fixed retainer wear, and what wire should 
a clinician use? These questions and other practical issues are 
answered within this chapter.

Chapter 7: The Role of Evidence in Orthodontics. One 
cannot attend a dental or medical meeting without some ref-
erence to “evidence-based” practice. The early years of ortho-
dontics were characterized by “gurus” espousing one concept 
or another without much call for support. “Expert opinion” 
determined what clinicians in private practice would use for 
patient care. Today’s clinicians are faced with the imperative to 
use a balanced approach to clinical decision making. Match-
ing findings from respected research with the one’s experience 
and patient goals is a challenge to all practitioners. We all have 
hopes of providing “the best of care” and also need to respect 
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potential medicolegal issues as we treat patients. David Turpin 
and Greg Huang discuss how today’s clinicians can evaluate the 
broad range of relevant information from multiple sources and 
be biased to make better decisions by way of the best evidence 
available.

PART TWO
Diagnosis and Treatment Planning
Chapter 8: The Decision Making Process in Orthodontics. Wil-
liam Proffit and Tung Nguyen have restructured this chapter 
to better fit with the background of entering orthodontic resi-
dents and seasoned clinicians in orthodontic specialty practice. 
The focus is on the process of diagnosis and treatment plan-
ning, providing a method to systematically evaluate patient 
information and organize it in a way that helps to avoid errors 
of omission. Using a problem oriented approach, the authors 
demonstrate how (1) excellent diagnostic records, (2) a thor-
ough case evaluation and (3) a priority-based listing of findings 
form the basis of an appropriate therapeutic plan.

Chapter 9: Special Considerations in Diagnosis and Treat-
ment Planning. We are all aware of parent and patient expec-
tations for improved cosmetics after orthodontics. Indeed, very 
few patients have an appreciation for functional considerations, 
but they are able to point to a specific tooth out of alignment or 
an uneven smile. David Sarver dissects the esthetic evaluation of 
the face and provides a broader context for patient evaluation 
than what has historically been considered “orthodontic diag-
nosis”. His protocols for the evaluation of facial proportions 
(macroesthetics), evaluation of the smile (miniesthetics), and 
evaluation of the teeth and surrounding gingiva (microesthet-
ics) are detailed within this chapter. Societal pressures create the 
desire for optimal dentofacial esthetics and it falls to the ortho-
dontist to make a thorough evaluation of these characteristics 
on behalf of each patient.

Chapter 10: Psychological Aspects of Diagnosis and Treat-
ment. This chapter by Leslie Will provides information on the 
psychological assessment of patients and how it can be accom-
plished within the context of an orthodontic evaluation. It 
describes psychological disorders and how clinicians can best 
manage affected patients. Patients with craniofacial anomalies 
present a subset of those seen in most clinical practices, but 
these “special needs” patients require more than an understand-
ing of their physical challenges. The chapter has been expanded 
to include important psychological considerations for orthog-
nathic surgery patients and the effect of abrupt facial change.

Chapter 11: Orthodontic Diagnosis and Treatment Planning 
with Cone Beam Computed Tomography (CBCT) Imaging. 
This is a new chapter and reflects the increasing use of CBCT in 
orthodontics. CBCT has been available for quite a while, with 
increased utilization in routine orthodontics over the past 10 
years related to improved availability and reduced patient radi-
ation dosages. Our patients see and all of us work in a three 
dimensional world. One can readily understand the appeal of 
3D imaging to patients and clinicians alike. Authors Lucia Cev-
idanes, Erika Benavides, John Ludlow and Antonia Ruellas have 
internationally recognized craniofacial imaging expertise. They 
have joined to provide an outstanding discussion on how CBCT 
may be used to enhance orthodontic diagnosis and treatment.

Chapter 12: Upper Airway, Cranial Morphology, and Sleep 
Apnea. As an additional new chapter we have added infor-
mation in regards to evaluating patients for morphologic and 

functional traits that may predispose to disturbed sleep syn-
dromes. Juan Martin Palomo, Hakan El, Leena Palomo, and 
Kingman P. Strohl provide an in-depth discussion on identify-
ing airway problems, and a thorough review of sleep disordered 
breathing and the classification of associated clinical problems. 
They discuss how an orthodontist might influence airway 
patency through various treatment modalities. The authors 
underscore how the orthodontist fits in to a multi-disciplinary 
team to best manage these multifactored patients.

Chapter 13: Orthodontic Therapy and the Patient with Tem-
poromandibular Disorder. Jeffrey Okeson is the internationally 
recognized authority on TMD disorders and especially how 
these disorders potentially impact orthodontic patients before, 
during and after treatment. In this updated chapter he reviews 
the basic concepts of orthopedic stability, how to perform a 
complete TMD evaluation, and how to develop a treatment 
plan. His discussion of a stepwise approach for TMD problems 
that may arise during treatment is a must read for residents and 
practitioners.

Chapter 14: The Orthodontist’s Role in a Cleft Palate–
Craniofacial Team. Katherine Vig and Ana Mercado review 
the important considerations for orthodontists who are treat-
ing craniofacial anomalies as part of craniofacial teams. The 
emphasis is on an orthodontist as a component of “the team” 
and the appropriate timing for various interventions for the 
cleft patient. New to this edition is an excellent discussion of 
the clinically vexing issue of how to approach the missing max-
illary lateral incisor in patients with cleft palate. The authors do 
an excellent job of emphasizing the long term relationship with 
craniofacial patients and how the clinician must recognize the 
multi-stage needs of these patients.

PART THREE
Mixed Dentition Diagnosis and Treatment
Chapter 15: Patient Management and Motivation for the 
Child and Adolescent Patient. How does one create an office 
environment that has patients who are happy and appreciate 
the services provided? Patrick and Patricia Turley bring infor-
mation from the pediatric dental literature as well as patient 
management sphere to develop this new chapter for the sixth 
edition. The theme of the chapter is how to best guide young 
patients to comply with instructions both in the office setting 
and at home. The Achilles heel for orthodontic treatment is 
most often patient cooperation. These authors present guid-
ance on how best to communicate to patients at different ages 
and how to encourage compliance with home care responsibil-
ities for hygiene as well as appliance wear. They point out that 
clinicians need to have a systematic approach for monitoring 
patient cooperation as well as routine measures to intervene 
when compliance is lacking.

Chapter 16: Optimizing Orthodontics and Dentofacial 
Orthopedics: Treatment Timing and Mixed Dentition Ther-
apy. For an orthodontist, the opportunity to intervene and 
reduce the severity of a developing malocclusion needs to be 
recognized. Additionally, guidance that can improve the max-
illa–mandibular relationships and space for erupting perma-
nent teeth can provide significant benefit to growing patients. 
The questions for the clinician revolve around when and 
how one should intervene in a growing child. In this chapter, 
authors James McNamara, Laurie McNamara McClatchey, 
and Lee Graber provide an organized approach to mixed 
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dentition diagnosis and treatment. With the broad spectrum 
of malocclusions that present to the practitioner, there are 
an equally varied considerations for treatment timing and 
approach. There is a brief discussion of serial extraction tech-
nique within this chapter, but readers are encouraged to see 
Chapter 34, Interceptive Guidance of Occlusion with Empha-
sis on Diagnosis (online only) for further information. Chap-
ter 16 provides information on the proper age for dentofacial 
orthopedic–orthodontic intervention, appliance construction 
and management. The appliance types and treatment pro-
tocols presented in the chapter are evidence based, but it is 
understood that there are many types of orthodontic appli-
ances that can be selected as long as the underlying principles 
of diagnosis, appropriate timing and orthopedic–orthodontic 
therapy are maintained.

PART FOUR
Orthodontic Treatment
Chapter 17: Contemporary Straightwire Biomechanics. Since 
the straightwire appliance was introduced in the 1970s its use 
has grown to where it is now the most popular fixed orthodon-
tic appliance design available today. In this chapter, Antonino 
Secchi and Jorge Ayala provide (1) the historical basis of the 
appliance, (2) the principles of precise bracket placement and 
(3) the three separate phases of straightwire mechanics. With 
excellent clinical cases and explanations, they detail the spe-
cific wire sequences, anchorage considerations, and finishing 
mechanics designed to optimize the benefits of the straightwire 
bracket system.

Chapter 18: Nonextraction Treatment. Orthodontists are 
faced everyday with decisions of whether or not they need to 
remove permanent teeth as part of a comprehensive treat-
ment program. Our journals have documented the trends to 
more extraction or fewer extractions with a reduced rate of 
extractions currently in vogue. Realistically, these extraction 
decisions should be made on the basis of a solid diagnosis 
and evidence-based treatment planning. With this as a given, 
what techniques can be used to maximize the success of a 
non-extraction approach in a borderline patient? This chapter 
authored by Robert Vanarsdall and Raffaele Spena details an 
approach that can provide needed dental arch space in a pre-
dictable fashion and provides case examples.

Chapter 19: Standard Edgewise: Tweed-Merrifield Philos-
ophy, Diagnosis, Treatment Planning and Force Systems. For 
many years, orthodontic residents and clinicians have traveled 
to Tuscon, Arizona to take the “Tweed Course,” the oldest den-
tal continuing education program in the world. This chapter 
is written by James Vaden and Herbert Klontz, co-directors 
of the Tweed Foundation, along with the late Jack Dale. It 
provides an historical perspective on the development of the 
Tweed technique, presents diagnostic and treatment concepts, 
and describes the Tweed-Merrifield edgewise appliance. The 
authors review the steps of the Tweed technique as currently 
practiced and present excellent illustrative case material.

Chapter 20: Biomechanical Considerations with Temporary 
Anchorage Devices (TADs). The use of temporary anchorage 
devices has greatly increased the ability of the clinical orthodon-
tist to move teeth efficiently without the side effects of recip-
rocal undesired moments of force. “Absolute anchorage” as 
provided by these adjuncts provides a platform from which the 
clinician can better move teeth in all three planes of space. They 

have literally increased the range of orthodontic mechanother-
apy. Authors Jong Suk Lee, Jung Kook Kim and Young-Chel 
Park have combined their internationally recognized expertise 
to provide a discussion of the biomechanical considerations 
when using TADs.

Chapter 21: Adult Interdisciplinary Therapy: Diagnosis 
and Treatment. Adult orthodontic treatment has continued 
to increase as a percentage of the patients seen by orthodontic 
specialists. There are many reasons including the ability to use 
“esthetic” treatment appliances, the increased interest in adults 
in their long term dental health, and the improved understand-
ing within the general dental community that orthodontics can 
be an integral part of an overall restorative plan. Robert Vanars-
dall and David Musich discuss the added considerations when 
treating adult patients. Treatment criteria differ, and there is 
concern for adverse tissue response especially where compro-
mised tissue relationships are present before the start of ortho-
dontics. This chapter reviews adult orthodontic diagnostic and 
treatment regimens, limitations in adult care, and compromises 
that must be made as well as the special demands for long term 
retention. Case reports provide excellent reference material for 
the subject.

Chapter 22: Periodontal-Orthodontic Interrelationships. 
As we see more adults entering comprehensive orthodontic 
treatment, we must be more attuned to the implications of 
periodontal issues. In this updated chapter, Robert Vanarsdall, 
Ignacio Blasi and Antonino Secchi review periodontal issues 
that impact orthodontic tooth movement. They describe peri-
odontal “high risk” factors, mucogingival considerations, and 
problems with ectopic as well as ankylosed teeth. A new section 
on alveolar decortication and augmentation grafting has been 
added to address the increased use of these procedures designed 
to develop the alveolar housing and potentially increase the 
speed of tooth movement. Excellent clinical examples are pic-
tured throughout the chapter.

Chapter 23: Orthodontic Aspects of Orthognathic Surgery. 
David Musich and Peter Chemello discuss the added consid-
erations for patients who present with treatment needs that 
exceed the potential for orthodontic mechanotherapy alone. 
Diagnostic considerations and a systematic protocol are pre-
sented as a guide for orthodontists and oral and maxillofacial 
surgeons teaming up to provide coordinated surgical care. 
What are the potentials of surgical orthodontics? What are the 
problems and pitfalls that must be addressed? What are the tim-
ing issues when considering jaw surgery? What are the risks of 
treatment, and of course, how can the clinician help to stabilize 
results with long term retention? These questions and more are 
addressed within this chapter.

Chapter 24: Self-Ligating Bracket Biomechanics. The 
increased use of self-ligating brackets has brought forth many 
discussions at orthodontic meetings, articles both for and 
against their use, and direct-to-consumer marketing that has 
resulted in more questions from patients as they interact with 
their orthodontists. This chapter authored by Nigel Harradine 
provides an historical perspective on self-ligating techniques 
and proceeds to review the advantages and disadvantages of 
these appliances. Although some of the advertised claims for 
reduced treatment times may not have been demonstrated 
in systematic reviews of the technique, there do appear to be 
positive indications for clinicians. This chapter provides an 
unbiased view of current findings and makes specific recom-
mendations for the use of these brackets.
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Chapter 25: Lingual Appliance Treatment. Lingual appliance 
treatment has had more popularity in Europe and Asia than in 
North America. That may change as increasingly more clini-
cians adopt partial or full fixed lingual appliance treatment in 
their offices. This trend has been greatly aided by the integra-
tion of three dimensional modeling, the development of custom 
braces and/or robotically bent archwires, and increased call of 
“invisible” treatment by adult and adolescent patients. In addi-
tion, there is an added benefit of minimal risk of labial surface 
decalcification—scars seen from labial therapy— with lingual 
bracket treatment. This chapter has been completely re-writ-
ten and is co-authored by Dirk Weichmann and Dan Grauer. 
Although the authors focus on their own lingual appliance type, 
the principles they discuss can be generalized to a number of 
lingual treatment systems.

Chapter 26: Clear Aligner Treatment. This chapter has been 
re-written by three of the most knowledgeable clinicians in the 
use of clear aligners, David Paquette, Clark Colville and Timo-
thy Wheeler. The chapter focuses on the Invisalign system, the 
most researched and used clear aligner system in the world. The 
authors discuss the unique aspects of diagnosis and treatment 
planning for clear aligners. The continuing development of 
adjuncts within the aligner system has increased the type and 
range of tooth movement that can be accomplished. Significant 
research has been reported and provides a basis for discussion 
of what movements can be accomplished more easily—and 
what becomes more difficult with aligners. This comprehensive 
chapter provides critical considerations that distinguish treat-
ment provided by an orthodontic specialist from the clinician 
who has less of a background.

Chapter 27: Bonding in Orthodontics. The premier author-
ity on orthodontic bonding, Bjorn Zachrisson is joined in this 
updated chapter by Serdar Usumez and Tamer Büyükyilmaz. 
Adhesive dentistry is the norm for restorative clinicians, but 
direct and indirect bonding of brackets to enamel and restor-
ative materials for orthodontics is equally important. This 
detailed chapter reviews patient preparation for bonding, tech-
niques for the application of brackets to teeth and artificial sur-
faces, indirect bonding protocols, re-bonding considerations 
and the use of bonded lingual retainers. Additionally there is 
a discussion of the use of microabrasion and resin infiltration 
to repair decalcified enamel areas. The technical procedures are 
well documented with clinical pictures.

PART FIVE
Specialized Treatment Considerations
Chapter 28: Management of Impactions. This is a totally new 
chapter designed to aid clinicians in developing a diagnostic 
and therapeutic protocol for impacted teeth. Adrian Becker 
and Stella Chaushu are the internationally respected leaders 
in this important area of orthodontic diagnosis and treatment. 
The chapter reviews the etiology of impactions, the prevalence 
of impactions of specific teeth, the assessment of impactions 
and finally the therapeutic interventions that are required of 
the clinician. The authors discuss areas for potential failure in 
management of impactions and provide clinical suggestions to 
improve success. The chapter is well illustrated in support of the 
recommended clinical procedures.

Chapter 29: Management of Dental Luxation and Avulsion 
Injuries in the Permanent Dentition. Patrick Turley has pro-
vided a new chapter to cover an aspect of practice that gets little 

attention in orthodontics, the management of dental trauma. 
An orthodontists is often the first to see a youngster who has 
had teeth displaced by way of accident—often because this is 
the dental office the family has seen most often during the ado-
lescent years. The addition of this chapter fills a prior void by 
addressing the sequelae of trauma to the teeth, acute manage-
ment of injuries to the teeth and alveolar structures, and treat-
ment of avulsed teeth. The author also provides information 
on the importance of treatment of overly procumbent teeth to 
reduce the risk of incisal fractures. This is information that par-
ents in addition to clinicians need to know!

Chapter 30: Iatrogenic Effects of Orthodontic Treatment: 
Prevention and Management of Demineralized White Lesions. 
This is another new subject area addressed in an added chap-
ter for the sixth edition. Well known clinical researchers and 
authors Philip Benson and Norah Flannigan review the poten-
tial for adverse effects of orthodontic appliance wear on labial 
surfaces that have bonded attachments. The most common 
adverse effect is the development of white spot lesions. The 
authors review the prevalence of the problem, means by which 
it may be diagnosed and most importantly, how these lesions 
can often be prevented.

In Root Resorption, Glenn Sameshima and M. Ali Daren-
deliler look at the problem of reduced root length during tooth 
movement. What are patient and mechanotherapeutic predis-
posing factors for root resorption? What should the clinician do 
when root resorption is expected or detected? What is the long 
term prognosis for teeth with foreshortened roots? All clinicians 
see these problems in daily practice, and this chapter provides 
an excellent summary of clinical considerations.

Chapter 31: Minimally and Noninvasive Approaches to 
Accelerate Tooth Movement: Micro-osteoperforations. Patients 
are always attracted to decreasing the time it takes to complete 
orthodontic treatment. Recent advances in the understating 
of bone biology have been applied to a number of adjunctive 
techniques that in certain situations may reduce the time for 
orthodontics. In this new chapter, Ignacio Blasi looks at the use 
of micro-osteoperforations and the ability of these perforations 
to increase bone turnover rates, providing for increased speed 
of tooth movement. Studies have been done that demonstrate a 
localized positive effect on the speed of tooth movement.

In Low-Level Mechanical Vibrations, Dubravko Pavlin 
presents information on the influence of low level mechani-
cal vibration on orthodontic treatment, a technique borrowed 
from orthopedic colleagues. Some of the animal and human 
studies have reported increased rates of tooth movement and 
an ability to reduce pain perception when low level vibration 
therapy is used. Still other studies report no clinical effective-
ness. Although the jury is still out on this technique, clinical and 
basic science research into adjuncts that can influence biologic 
factors, are likely to bear fruit in the future.

Chapter 32: Biodigital Orthodontics: Integrating Technol-
ogy with Diagnosis, Treatment Planning and Targeted Ther-
apeutics. Rohit Sachdeva presents a discussion of how clinical 
decision making should be accomplished, with enhanced inte-
gration of digital technologies. Although this chapter focuses 
on just one of the technology systems available to orthodon-
tists, the thought process that underlies the use of these tech-
nologies is shared. These technologies are tools and only serve 
to enhance the principles of sound diagnosis and treatment 
planning. They can make good clinicians better, but their 
sophistication precludes the ability for poorly educated dental 
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practitioners to use them properly. Benefits to dental special-
ists can be significant with improved abilities at both diag-
nostic evaluation and treatment planning as well as, in some 
instances, the fabrication of appliances. These technologies 
gain their benefit in reducing the “error of the method” of con-
ventional orthodontics.

PART SIX
Orthodontic Retention and Post-Treatment Changes
Chapter 33: Stability, Retention, and Relapse. Don Joondeph is 
joined in this updated chapter by colleagues Greg Huang and 
Bob Little, all respected clinicians with a wealth of research 
material on post-orthodontic treatment changes, developed 
over many years at the University of Washington. The authors 
outline a series of problems routinely addressed by orthodon-
tic treatment. With evidenced-based suggestions, they provide 
important clinical recommendations to reduce adverse post-
active treatment changes that take place over time. “Matura-
tional change” to varying degrees is the norm, but patients often 
have an unrealistic expectation that their teeth will “stay perfect” 
after orthodontics. Perfection remains a goal, but the structural 
and functional environment within which the dentition exists 
over time makes excellent retention planning a “must” to preserve 
treatment accomplishments and long term patient satisfaction. 
The authors provide information gleaned from the UW reten-
tion studies as a basis for their clinical recommendations.

PART SEVEN
Classic Chapters (online only)
Chapter 34: Interceptive Guidance of Occlusion with Empha-
sis on Diagnosis. Although the general topic has been reviewed 
within Chapter 16, this classic chapter from Jack and Hali Dale 
provides more in depth background on the diagnosis of space 
problems in the mixed dentition and associated interceptive 
treatment modalities. Diagrams representing the stages of tooth 
eruption are coordinated with photographic case documenta-
tion of a variety of malocclusions secondary to space problems. 
Interception of crowding through a series of staged clinical deci-
sions is demonstrated. Guided tooth removal is presented as an 
option for interceptive orthodontics, with goals for decreased 
time in fixed orthodontic mechanotherapy.

Chapter 35: Functional Appliances. The use of functional 
appliances remains high world-wide and the material herein pro-
vides background important to orthodontic specialist clinicians. 
This chapter was authored by the late Tom Graber, the original 
author and editor of the textbook. The goal of the chapter (orig-
inally published in the 4th edition) is to provide a basic under-
standing of how functional appliances work as well as a discuss 
the attributes of the most widely used designs. Although the topic 
is briefly addressed in Chapter 16, this specific chapter focuses 
more in detail on functional appliance construction and clini-
cal management. The author reviews the mechanism of Class II 
correction with functional jaw orthopedics, compares fixed with 
removable functional appliance designs and relates how clini-
cians may concurrently use functional jaw orthopedics with fixed 
bracket treatment. The chapter is well illustrated with clinical case 

material and diagrammatic representations of expected treat-
ment results. Orthodontic residents and experienced clinicians 
alike will gain much from this thorough review of functional jaw 
orthopedics.

Chapter 36: Treatment of the Face with Biocompatible 
Orthodontics. This “classic chapter” by Dwight Damon reviews 
diagnosis and treatment planning protocols used with one of 
the most popular fixed appliance clinical techniques in use 
today. Chapter 24 appropriately discusses the general topic of 
self-ligation brackets, but this chapter on the specific use of the 
Damon technique has been one of the most requested since its 
original publication in the fourth edition. The author uses a 
series of case studies to demonstrate diagnostic considerations 
and treatment of a variety of malocclusion types. Although the 
bracket design has improved since the original publication of 
this chapter, the principles behind the treatment remain the 
same and are applicable to the self-ligating bracket systems cur-
rently available.

In re-writing and presenting this sixth edition of Orthodon-
tics: Current Principles and Techniques we are well aware that an 
undertaking of this sort requires help from many sources. We 
are thankful for the great work of our authors, those who have 
been with us before and the outstanding colleagues who have 
joined them. Our authors have been pressed by us as well as our 
publisher to succinctly provide their best material. They have 
done so admirably with the result that we have succeeded in 
giving our educators and residents a broad based textbook that 
provides the foundational knowledge for an orthodontic spe-
cialist. We have dedicated this sixth edition of the text to them 
and to the degree that we have made their teaching and learning 
efforts easier, we are very happy!

This text revision would never have been completed without 
an outstanding editorial team at Elsevier. Thanks go to Kathy 
Falk, Laura Klein, Anne Schook, Srividhya Vidhyashankar and 
all of their supporting staff. As in any large project of this type, 
problems arise. It is these folks who went above and beyond 
their normal work hours and assignments to overcome chal-
lenging issues and keep us on track. The quality of production 
was enhanced over prior editions in part because of improved 
editing and printing technologies, but most of all because of the 
diligence of the Elsevier personnel.

In this edition of the text, we added a new editor, Greg 
Huang, chair of the orthodontic department at the University of 
Washington. His strong contributions were important in many 
seen and unseen ways. All of us as editors have shared an excite-
ment for the educational mission of the text, one that carries 
over from the first volume edited by Tom Graber more than 45 
years ago. We are thrilled that we can share the expertise of our 
authors with our colleagues. We remain personally positive and 
passionate about the orthodontic specialty. Our hope is that the 
enthusiasm that we share for orthodontics comes through the 
pages of the text and helps to motivate a new generation of edu-
cators, residents and practitioners.

Lee W. Graber, DDS, MS, MS, PhD
Robert L. Vanarsdall, DDS

Katherine W.L. Vig, BDS, MS, D Orth, FDS, RCS
Greg J. Huang, DMD, MSD, MPH
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PART ONE  Foundations of Orthodontics

Craniofacial Growth and Development: 
Developing a Perspective

David S. Carlson and Peter H. Buschang

INTRODUCTION
An appreciation of the biological principles associated with 
growth and development, especially of the structures composing 
the craniofacial complex, is essential for attaining competency 
within the field of orthodontics. Particular emphasis for the 
advanced practice of orthodontics is placed on the hard tissues 
comprising the craniofacial regions, i.e., the skeletal structures 
and the teeth, because these are the primary components of the 
craniofacial complex that the orthodontist addresses during 
treatment. Development, growth, and function of other cranio-
facial structures and tissues, such as muscles, neural tissues, and 
pharyngeal structures, as well as spaces such as the airway, are 
also of major interest to orthodontists. However, those elements 
are important primarily in terms of their influence—structurally, 
functionally, and developmentally—on the growth, size, and 
form of the skeletal elements of the face and jaws.

This chapter emphasizes postnatal growth, principally of 
the skeletal structures of the craniofacial complex, because of 
its importance in orthodontic treatment. Considerable atten-
tion is also given to prenatal development of craniofacial tissues 
and structures because it is critical for understanding postnatal 
growth. The reader is referred to a number of excellent refer-
ences on developmental biology and human embryology for 
comprehensive reviews of early craniofacial development.1,2

SOMATIC GROWTH
The size and form of the craniofacial complex are major com-
ponents of an individual’s overall body structure. Moreover, the 
growth and maturation of the body as a whole, referred to gen-
erally as somatic growth, are highly correlated with those of the 
craniofacial complex. Therefore, clinical evaluation of the sta-
tus and potential for craniofacial growth, and thus of treatment 
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planning in orthodontic patients, is highly dependent on an 
understanding of the somatic growth process.3

Differential Development and Maturation
In his classic work during the 1930s, Scammon4 drew attention to 
the fact that the rate and timing of postnatal maturation, measured 
as a proportion of total adult size, vary widely among major sys-
tems of the human body (Fig. 1-1). In what has become known as 
“Scammon’s curve,” for example, maturation of the central ner-
vous system is shown to be completed primarily during the last 
trimester of gestation through age 3 to 6 years. As a result, the cra-
nial vault, which houses the precociously developing and enlarging 
brain, is disproportionately large in the infant relative to the rest 
of the craniofacial region (Fig. 1-2). In contrast, the reproductive 
organs become mature a decade later, during adolescence.

The rate of general somatic growth and development, which 
includes the skeletal and muscular systems, is characterized by an 

S-shaped curve. The relative rate of growth is very high prena-
tally but then decreases during infancy and becomes even slower 
during childhood. The rate then accelerates greatly with the ini-
tiation of adolescence through the point of peak growth velocity, 
after which it slows once again and effectively stops altogether in 
adulthood. Development and growth of the craniofacial complex 
is intergraded between neural and somatic maturity patterns. 
The gradient moves from the cranium, which is the most mature, 
through the anterior cranial base, posterior cranial base and max-
illary length, upper face height, corpus length, to ramus height, 
which is the least mature and most closely approximates the gen-
eral S-shaped pattern of general somatic maturation.5

Overall somatic growth, including the onset and end of puberty, 
is coordinated throughout the body by sex hormones and growth 
factors that are expressed differentially during the first two decades 
of postnatal life. However, the timing, rate, and amount of secre-
tion of endocrine factors vary significantly between males and 
females and within each sex relative to chronologic age.

Variation in Rates of Growth during Maturation
Two episodes of relatively rapid growth, or growth spurts, have 
been documented for both general somatic and craniofacial 
growth. The lesser of these, the mid-childhood spurt, takes place 
in approximately 50% of children between 6.5 and 8.5 years of 
age. The mid–growth spurt tends to occur more frequently and 
approximately 1 year later for boys than girls.6 The more promi-
nent adolescent growth spurt begins with the onset of puberty, at 
approximately 9 to 10 years of age in females and 11 to 12 years in 
males (Fig. 1-3). Female and male peak height velocities (PHV) 
are attained on average at 12 and 14 years of age, respectively, for 
North Americans and Europeans.7 Females complete adoles-
cence approximately 2 or more years ahead of males. The extra 
years of childhood growth prior to adolescence in males, as well 
as the slightly greater rates of adolescent growth and the slightly 
lengthier adolescent period, explain most of the sex differences in 
overall body size as well as in craniofacial dimensions.

Because growth of craniofacial structures is correlated with 
general somatic growth, the timing of peak height velocity 
(PHV), which occurs at the pinnacle of the adolescent growth 
spurt, is especially useful for estimating peak maxillary and 
mandibular growth velocity. It has been shown that maxillary 
growth attains its maximum rate slightly before PHV, while 
the maximum rate of mandibular growth occurs just after 
PHV.8,9
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FIGURE 1-1  Scammon’s curve illustrating the fact that differ-
ent systems of the body have different rates of development 
and come to maturity at different ages.

FIGURE 1-2  Disproportions of the head and face in infant and adult. The neurocranium, which 
houses the brain and eyes is precocious in its development and growth and therefore is pro-
portionately larger than the face during infancy and early childhood. (Adapted from Lowry GH. 
Growth and Development of Children. 6th ed. Chicago: Year Book Medical Publishers; 1973.)



3CHAPTER 1  Craniofacial Growth and Development: Developing a Perspective

The timing, rate, and amount of somatic growth are best 
determined by changes in overall height. As such, height provides 
an important adjunct for cephalometric evaluations, especially 
during periods of rapid growth. Population-specific height per-
centiles make it possible to individualize craniofacial assessments. 
For example, if an individual’s rate of somatic growth is partic-
ularly high or low, it is likely that his or her rate of craniofacial 
growth will be similarly high or low. Height measurements are 
recommended because they are noninvasive, highly accurate, and 
simple to obtain at multiple occasions. Reference data for height 
are also typically based on larger samples of defined populations 
than are craniofacial reference data, which makes them more 
precise at the extreme percentiles.10

Assessments of maturation also provide critical information 
about the likelihood that the growth of craniofacial structures 
will continue and for how long or that growth has been com-
pleted. This is important because patients’ maturational and 
chronologic ages should be expected to differ, often by more 
than 1 to 2 years, which confounds growth assessments neces-
sary for orthodontic diagnosis and treatment planning. For this 
reason, it is always better to use the patient’s skeletal age based on 
radiologic assessments of hand/wrist ossification to determine 
skeletal maturity, especially for determining whether the patient 
has entered adolescence, attained peak velocity, is past peak 
growth, or is near the end of clinically meaningful growth.11,12 
Cervical vertebrae maturation provides another, albeit less pre-
cise, method to determine skeletal maturity.13 Molecular assays 
are now being developed to provide more sensitive assessments 
to determine maturational status of skeletal growth.14

CRANIOFACIAL COMPLEX
The craniofacial complex is comprised of 22 separate bones that 
can be organized for heuristic purposes into relatively discrete 
anatomic and functional regions. Each of these regions has dis-
tinct mechanisms of development and growth, as well as differ-
ent capacities for adaptation during growth (Fig. 1-4).

Structural Units
Desmocranium
The term desmocranium refers to the portion of the cranio-
facial skeleton that arises from a membrane of ectodermal, 
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FIGURE 1-3  Growth velocity curve (growth per unit of time) for skeletal growth as general mea-
sure of human ontogeny. Velocity of growth is characterized by decrease in growth rate beginning 
in the last trimester of prenatal development through maturation in the adult. During adolescence, 
hormonally mediated growth typically occurs to bring about a spurt in skeletal growth (PHV, peak 
height velocity). Pubertal growth spurt is characterized by considerable variability in onset and 
duration among individuals and according to gender. Onset of the pubertal growth spurt typically 
begins about age 10 in girls and lasts approximately 2 years. Boys have later onset (12 years); the 
entire pubertal period can last 4 to 6 years. (Adapted from Tanner JM, Whitehouse RH, and Takai-
shi M: Standards from birth to maturity for height, weight, height velocity and weight velocity: 
British children, 1965. Arch Dis Childh 41:454-471, 1966.)
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FIGURE 1-4  Schematic of organization of the craniofacial skel-
eton into anatomic regions and overlapping functional regions.
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mesodermal, and neural crest origin that surrounds the prox-
imal end of the notochord very early in development. As the 
brain develops and expands in utero, the desmocranium devel-
ops initially as a fibrous membrane covering of the brain that 
eventually will give rise to the bones of the cranial vault and 
fibrous joints, or sutures, as well as the dura mater over the 
brain and the periosteum overlying the bones of the cranial 
vault. In fact, in the absence of a brain, as with anencephaly, the 
desmocranial bones will fail to develop at all. Because the skel-
etal derivatives of the desmocranium have exclusively a mem-
branous precursor, initial morphogenesis and subsequent bone 
growth take place completely via intramembranous ossification.

Chondrocranium
The chondrocranium forms initially as part of the embryonic 
anlagen of primary cartilage that will become the cranial base, 
nasal septum, and nasal capsule. Like the desmocranium, the 
chondrocranium is also a derivative of the embryonic mem-
brane surrounding the developing central nervous structures. 
However, the chondrocranium is significantly less dependent 
on the presence of the brain for its initial formation and sub-
sequent development. Growth associated with the derivative 
bones of the cranial base occurs by means of endochondral 
ossification.

Viscerocranium
The viscerocranium, also referred to as the splanchnocranium, 
is composed of all those elements of the craniofacial complex 
that are derived from the first branchial arch and thus is of neu-
ral crest origin. These elements primarily include the bones of 
the midfacial complex and the mandible. Because the skeletal 
elements of the viscerocranium have no primary cartilaginous 
precursors, development and growth of its skeletal derivatives 
take place via intramembranous ossification that is also char-
acterized by the presence of sutures and a specialized form of 
membrane-derived (secondary) cartilage at the mandibular 
condyles.

Dentition
The deciduous and permanent teeth are specialized ana-
tomic components of the craniofacial complex that are com-
posed of unique tissues and undergo a unique mechanism of 

development characterized by the interaction between ectoder-
mal and mesenchymal tissues.

Functional Units
These four anatomic components can be combined organiza-
tionally into three overlapping and very broad functional units 
comprising the craniofacial complex (Fig. 1-5).

Neurocranium
The neurocranium houses the brain and other elements of the 
central nervous system, such as the olfactory apparatus and 
auditory apparatus. As the brain rests on the cranial base and 
is covered by the cranial vault, development and growth of the 
neurocranium are characterized by a combination of membra-
nous (desmocranium) and cartilaginous (chondrocranium) 
bone growth.

Face
The upper face may be defined as the region of the orbits 
of the eye. The midface, comprised primarily of the max-
illae and zygomatic bones, is the region between the orbits 
and the upper dentition. Ectocranially, the bones of the face 
are composed externally of the intramembranously formed 
bones of the viscerocranium. However, the face also receives 
contributions from the chondrocranium as the cartilaginous 
nasal capsule and nasal septum. The lower face, comprised of 
the mandible, develops entirely from the first branchial arch 
and thus is derived entirely as part of the viscerocranium. 
The mandible develops and grows via a specialized form of 
intramembranous formation of both bone and secondary 
cartilage.

Oral Apparatus
The oral apparatus is composed of the dentition and support-
ing structures within the upper and lower jaws. Thus, the oral 
apparatus also is characterized by a unique morphogenesis of 
the teeth as well as a specialized form of intramembranous bone 
growth of the alveolar processes of the maxilla and mandible 
(viscerocranium). Development and growth of the skeletal 
structures comprising the oral apparatus are greatly influenced 
by the muscles of mastication and other soft tissues associated 
with mastication.

Neurocranium
(Desmocranium)

Midface
(Splanchnocranium)

Oral apparatus
(Dentition)

Lower face
(Splanchnocranium)

(Chondrocranium)

FIGURE 1-5  Major components of the craniofacial skeletal complex.



5CHAPTER 1  Craniofacial Growth and Development: Developing a Perspective

MOLECULAR BASIS OF CRANIOFACIAL 
DEVELOPMENT AND GROWTH
Patterning and subsequent formation of craniofacial tissues and 
structures have a complex, polygenic basis. For example, it has 
been shown that there are over 90 specific genes in which muta-
tions will result in major disruptions of development leading 
to severe craniofacial malformations.15 Moreover, variations in 
craniofacial development and growth, from dysmorphologies 
to malocclusions, are multifactorial as a result of epigenetic 
mechanisms.16,17 No genes are unique to the craniofacial com-
plex. However, certain genes, especially those associated with 
developmental patterning of the head region and growth of car-
tilage, bone, and teeth, are of particular relevance for craniofa-
cial development and growth and thus are of special importance 
for orthodontics. In addition, a number of genes of interest 
include those responsible for specific craniofacial deformities, 
such as craniosynostosis and facial clefts. The reader is referred 
to Hartsfield and Morford (see Chapter 2) for a comprehensive 
review of genetic mechanisms in the craniofacial region that are 
most important to orthodontics. A summary of the key genes 
associated with the patterning, development, and growth of the 
craniofacial region can be found in E-Table 1-1.

The key genes associated with craniofacial development may 
be organized informally into two broad yet overlapping groups 
based on their timing and patterns of expression and also their 
primary target tissues. First are those highly conserved genes, 
such as homeobox genes and transcriptions factors, that are 
responsible primarily for early pattern formation and differen-
tiation of primary embryonic tissues and structures, including 
neural crest cells and head mesoderm. Mutation of those genes 
typically has a profound role in craniofacial dysmorphogenesis. 
The second group is comprised of genes such as growth factors 
and signaling molecules that are also responsible for mediat-
ing development, growth, and maintenance of the tissues and 
structures associated with the craniofacial complex both during 
embryogenesis and throughout postnatal development. While 
mutations in this latter group of genes also are associated with 
craniofacial malformation syndromes, minor variants appear 
to be more common and may play a role in the development 
of more minor variations in growth. In addition, genes from 
both groups may be expressed reiteratively during development 
and growth, producing a highly complex matrix of interactions 
required for normal craniofacial morphogenesis. Adding to the 

complexity are the issues of wound healing, tissue regeneration, 
and repair—all processes important during orthodontic treat-
ment—that can reinitiate the expression of genes required for 
early morphogenesis as well as postnatal growth.

Molecular research historically has focused on the role of 
specific genes critical for craniofacial morphogenesis during 
embryogenesis. The initial focus in that research typically has 
been on three areas: (1) naturally occurring genetic mutations 
associated with craniofacial dysmorphogenesis in humans; (2) 
development of genetically engineered animal models, typically 
the mouse, to produce loss of function of selected genes; and (3) 
mapping of gene expression in experimental animals through 
in situ hybridization and other biomarker approaches. More 
recently, significant progress has been made in the identifica-
tion of gene variants (polymorphisms) that may be important 
for the origin of minor variations in craniofacial growth of 
potential relevance to orthodontic diagnosis and treatment. 
These genes and their variants could be significant for diagno-
sis and response to treatment of dentofacial deformities and 
minor malocclusions.18 Significant advances in the genetic and 
epigenetic basis of craniofacial development, including the role 
of key genes in normal growth and orthodontic treatment, are 
expected to continue at a rapid pace.19,20

CRANIAL VAULT
Development of the Cranial Vault
The most prominent feature of the embryonic cephalic region 
at 6 to 7 weeks’ gestation is the frontonasal prominence. The 
frontonasal prominence is a nonpaired structure that forms a 
dense desmocranial membrane, which covers the entire fore-
brain and extends laterally and inferiorly on each side of the 
developing head to meet the developing maxillary processes. 
The inner portion of the membrane contains neural crest cells 
and gives rise to the dura mater covering the brain. The outer 
portion of the desmocranial membrane, the ectomeninx, is 
comprised of surface ectoderm deep to which is the paraxial 
mesoderm. Patterning of the frontonasal prominence to form 
the cranial vault and elements of the nasal region is induced by 
expression of sonic hedgehog (Shh) and FGF-8.

By 8 weeks’ gestation, initial blastemas of bone become 
apparent within the ectomeninx, first for the frontal bone and 
the squamous temporal bone and subsequently for the parietal 
bones and squamous portion of the occipital bone (Fig. 1-6). 

A B C

FIGURE 1-6  Cleared and stained human fetuses indicating craniofacial skeletal structures at 
approximately 8 weeks’ gestation (A), 15 weeks’ gestation (B), and 18 weeks’ gestation (C).



5.e1CHAPTER 1  Craniofacial Growth and Development: Developing a Perspective

TABLE 1-1 � Summary of Key Genes Associated with the Development and Growth of the Tissues 
and Structures Comprising the Craniofacial Complex

Gene/Protein General Role and Function
Significance for Craniofacial 
Development and Growth References

Bmp-1 to Bmp-9 Bone morphogenetic 
protein 1-9

Signaling molecule: Skeletal differentiation, 
growth, repair

NCC and CF mesenchyme patterning; 
suture development; odontogenesis; 
nsCL/P

1-6

Dlx-1 to Dlx-6 Distal-less 1-6 Homeobox: Limb development; 
chondrogenesis; osteogenesis

Orofacial clefting 7-9

Efnb1 Ephrin B1 Protein coding: Cell division, adhesion Craniofrontonasal syndrome; candidate 
for role in class III malocclusion

1, 10-12

Fgf-1 to Fgf-18 Fibroblast growth factor 
1-18

Growth factors: Differentiation and growth 
of multiple tissues and structures

CF ectoderm, NCC patterning; suture 
development; MCC growth; tooth 
induction; CL/P

1, 3, 4, 13-15

Fgfr-1 to Fgfr-3 Fibroblast growth factor 
receptor 1-3

Transmembrane receptors: Fgf receptor Anterior cranial base growth; MCC 
growth; syndromic, nonsyndromic 
C-SYN; MX hypoplasia; CL/P

1, 3, 4, 15, 16, 17

Gh Growth hormone Peptide hormone-mitogen: Cell growth and 
tissue regeneration

Growth of multiple CF tissues, 
structures; variations in MD growth, 
dentofacial treatment

13, 18

Ghr Growth hormone receptor Transmembrane receptor: Receptor for GH Polymorphisms associated with 
MD growth and MCC response to 
dentofacial treatment

19-21

Gli2 to Gli3 Zinc finger protein Gli2-3 Transcription factor: Regulates Ihh and Shh 
signaling

C-SYN; Greig cephalopolysyndactyly 
syndrome

1, 10, 22

Gsc Goosecoid Transcription factor: Dorsal–ventral patterning 
of NCC, head formation; rib fusion

Inner ear, cranial base, MX/MD anom-
alies

1, 8, 13, 23, 24

Hoxa1 to Hoxa3 Homeobox A1, A2, A3 Homeobox: Patterning of hindbrain 
rhombomeres and pharyngeal arches

Neural tube closure, 1st-2nd arch  
deformities

25, 26

Igf-1 Insulin-like growth factor 1 Growth factor: Mediator of Gh; muscle, 
cartilage, and bone growth

MX/MD growth; suture development/
growth; mediation of MCC to dento-
facial treatment

3, 8, 13, 27-30

Ihh Indian hedgehog Signaling molecule: Endochondral and 
intramembranous ossification

Cranial base development; mediation 
of MCC growth during dentofacial 
treatment

31-33

L-Sox5 Long-form of Sox5 Transcription factor: Neurogenesis; 
chondrogenesis; type II collagen

Mediation of MCC growth during 
dentofacial treatment

34

Msx1 to Msx2 Muscle segment homeo-
box 1-2

Homeobox: Limb development; ectodermal 
organs

NCC proliferation, migration; 
odontogenesis; MD development; 
nsCL/P; Boston-type C-SYN

1, 3, 4, 8, 10, 35

Myo1H and-
Myo1C

Myosin 1H, Myosin 1C Protein coding: Cell motility, phagocytosis, 
vesicle transport

Polymorphisms associated with MD 
prognathism

36, 37

Nog Noggin Signaling molecule: Patterning of the 
neural tube and somites

Head formation; neural tube fusion 4, 25, 26

Notch Transmembrane receptor: Neuronal 
development; cardiac development; 
osteogenesis

MCC development 38

Osx Osterix Transcription factor: Osteoblast 
differentiation, mineralization; 
chondrogenesis

MCC differentiation, endochondral 
ossification; mediation of MCC 
growth during dentofacial treatment

39

Pitx1-2 Paired-like homeodomain 
1-2

Homeobox: Left–right axis; left lateral 
mesoderm; skeletal development; 
myogenesis

MD development; role in Treacher-
Collins syndrome; CL/P; odontogenesis

8, 13

Prx-1Prx-2 Homeobox: Epithelial development in limbs 
and face

NCC patterning; malformations of 
1st-2nd arch structures

8, 40, 41

PTHrP Parathyroid-related protein Protein coding: Endochondral bone 
formation

Development/growth of cranial base, 
MD, dental arches

42, 43

Runx2 Runt-related transcription 
factor

Transcription factor: Osteoblast 
differentiation; intramembranous and 
endochondral bone growth

Closure of fontanelles and sutures; 
ossification of cranial base, MX, and 
MCC; cleidocranial dysplasia

32, 43-46

Shh Sonic hedgehog Transcription factor: Development of limbs, 
midline brain, neural tube; osteoblastic 
differentiation; skeletal morphogenesis

Induction of frontonasal ectoderm; 
cranial base; fusion of facial 
processes; palatogenesis; 
odontogenesis; holoprosencephaly

1, 9, 33

Sho2 Signaling molecule: Development of digits; 
organization of brain, CF mesenchyme

Palatogenesis; TMJ development 6, 9, 38

Continued
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TABLE 1-1 � Summary of Key Genes Associated with the Development and Growth of the Tissues 
and Structures Comprising the Craniofacial Complex—cont’d

Gene/Protein General Role and Function
Significance for Craniofacial 
Development and Growth References

Sox9 Transcription factors: Chondrogenesis; type 
II collagen; male sexual development

Cranial base; MCC growth; CL/P; 
Pierre-Robin sequence

38, 46-48

Spry 1-2 Sprouty Protein coding: Mediates FGF signaling MD/TMJ development 38, 48
Tcof1 Treacle Protein coding: Early embryonic nucleo-

lar-cytoplasmic transport
NCC proliferation, migration, survival; 

Treacher-Collins syndrome
38, 49

Tgf-ß1 to Tgf-ß3 Transforming growth 
factor-beta 1-3

Growth factor: Proliferation, differentiation, 
growth, function of multiple tissues

Palatogenesis; MD growth; suture 
development, maintenance, fusion; 
sCL/P

3, 24

Twist-1 Twist-related protein 1 Transcription factor: Skeletal development; 
syndactyly

MCC development; suture fusion; 
Saethre-Chotzen syndrome; facial 
asymmetry

9, 35, 38, 50, 51

Vegf Vascular endothelial 
growth factor

Growth factor: Ingrowth of blood vessels Chondrogenesis in cranial base, MCC 38, 45, 52

Wnt-1 Proto-oncogene protein 
Wnt 1

Signaling molecule: Cell fate, patterning 
during embryogenesis

MCC development/growth; MCC 
growth during dentofacial treatment

6, 32, 38, 53

CF, Craniofacial; CPO, cleft palate only; CL/P, cleft lip and palate; C-SYN, craniosynostosis; MCC, mandibular condylar cartilage; MD, mandible; MX, maxilla; NCC, neural crest cells; 
nsCL/P, non-syndromal cleft lip and palate; sCL/P, syndromal cleft lip and palate; TMJ, temporomandibular joint.
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Over the ensuing 4 weeks, these condensations of bone steadily 
increase in size by radial expansion of newly differentiated 
skeletal tissue within the ectomeninx. As the development of 
new bone exceeds the rate of growth of the brain, the periph-
eral bone fronts become located closer and closer to each other, 
until they approximate each other as single-thickness plates of 
flat bones by about 12 weeks’ gestation. At this point, the inter-
vening fibrous tissue becomes highly cellular, and fibrous artic-
ulations, or sutures, are formed between the individual bone 
elements (Fig. 1-7).

Growth of the cranial vault bones represents a specialized 
form of intramembranous ossification that begins prenatally 
as blastemas of bone tissue that arise de novo within the mid-
dle layer of the desmocranial membrane covering of the brain. 
Once the skeletal elements as plates of bone become located 
close to each other, their fibrous connections become reorga-
nized with the periosteum and the dura mater derived from the 
outer and inner layers of the desmocranial membrane, respec-
tively, extending into the sutural articulations. The sutures then 
continue to support growth of the cranial vault through another 
specialized form of intramembranous osteogenesis similar to 
periosteal bone formation.21–23

Mechanisms of Suture Growth
Sutural bone growth can best be considered as a specialized form 
of intramembranous periosteal bone growth. Once formed, the 
bones of the cranial vault are enveloped, like all bones, in a skel-
etogenic membrane. On the external surface, this membrane 
is the periosteum. On the intracranial surface, the membrane 
is the dura mater, which is also derived from the embryonic 
ectomeninx and is skeletogenic. Viewed in cross section, the 
outer fibrous layer of periosteum (uniting layer) spans over the 
cranial suture and provides structural support to the suture and 
its two or more skeletal elements. The inner osteogenic layers of 

the periosteum and the dura reflect into the space between the 
two cranial vault bones and provide a source of new osteogenic 
cells (Fig. 1-8). As the bones of the cranial vault become sepa-
rated because of expansion of the brain and intracranial con-
tents, the osteogenic cells form skeletal tissue and thus provide 
a mechanism for maintaining relatively close contact through 
the intervening suture.

The molecular basis of the development and growth of the 
sutures of the cranial vault has received considerable atten-
tion, principally because of the number of naturally occurring 
and engineered genetic mutations characterized by craniosyn-
ostosis (see Wilkie and Morriss-Kay,15 Rice,24 and Chai and 
Maxson25 for comprehensive reviews). Studies have shown 
a complex pattern of gene expression within the sutural blas-
tema associated with the periosteal reflection as well as the 
intracranial dura mater. Secretion of soluble factors by the 
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FIGURE 1-7  Photomicrographs of hematoxylin and eosin–stained histologic sections through the 
coronal suture of normal rats at embryonic day 19 and postnatal days 1, 5, and 21. Bone (b), bone 
leading edge (ble), presumptive suture mesenchyme (ps), and suture (s). (From Opperman LA, 
Gakunga PT, Carlson DS. Genetic factors influencing morphogenesis and growth of sutures and 
synchondroses in the craniofacial complex. Semin Orthod. 2005;11(4):199–208.)
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FIGURE 1-8  Schematic representation indicating the relation-
ship between the periosteum and dura mater as a mechanism for 
a specialized of intramembranous growth within the sutures of 
cranial vault bones. (Adapted from Pritchard JJ, Scott JH, Girgis 
FG. The structure and development of cranial and facial sutures.  
J Anat. 1956;90:73–86.)
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dura mater in response to growth signals from the expanding, 
underlying brain is essential for normal cranial suture mor-
phogenesis as well as for the maintenance of cranial sutures 
as patent bone- growth sites through complex tissue inter-
actions and feedback between dura mater, bone fronts, and 
sutures. Both sutures and the dura mater also contain growth 
factors, such as several members of the family of transforming 
growth factor beta (TGF-β1, TGF-β2, TGF-β3), bone mor-
phogenetic protein (BMP2, BMP7), fibroblast growth factor 4  
(FGF-4), insulin-like growth factor 1 (IGF-1), and sonic hedge-
hog (SHH) (Fig. 1-9).26,27 Overexpression of transcription fac-
tors Runx2 and Msx2 and haploinsufficiency of Twist28 and 
Noggin29 are also associated with suture obliteration, while loss 
of function of Gli3 results in premature synostosis.30 Genetic 
analysis of naturally occurring craniosynostosis in humans 
has shown that mutations of genes for fibroblast growth factor 
receptors 1, 2, and 3 (FGFR-1, FGFR-2, and FGFR-3) and in 
MSX231 and TWIST32,33 genes are also associated with prema-
ture suture fusion.

Development and growth of the cranial vault as a whole, and 
development and growth of bone at the sutural articulations, 
are primarily dependent on the expansion of the brain and other 
intracranial contents.34 Furthermore, it has been clearly demon-
strated that sutures are secondary, compensatory, and adaptive 
sites of bone growth that normally respond to biomechanical 
forces. As the brain expands during prenatal development and 
during the first decade of life postnatally, forces are created 
within the neurocranium that cause the bones of the cranial 
vault to expand outward, which tends to separate them from 
each other at the sutural boundaries (Fig. 1-10). Under normal 
conditions, the cellular and molecular substrate associated with 
the dura mater, the periosteum, and the suture respond to this 
biomechanical displacement in the same manner in which peri-
osteum throughout the skeletal system responds—by initiating 
and maintaining osteogenesis within the sutures to maintain 
the proximity of the adjoining skeletal structures. When the 
biological substrate of the suture is abnormal, however, as in the 
case of many genetic syndromes such as Crouzon syndrome, 
Apert syndrome, and Jackson-Weiss syndrome, for example, 
each of which is associated with mutations of FGFR-2, prema-
ture craniosynostosis may result.35,36 The opposite condition, 

reduced suture growth, and prolonged patency, as seen in clei-
docranial dysostosis, may occur with abnormalities associated 
with growth factors, including in particular Runx2, which are 
necessary for normal suture fusion.

Postnatal Growth of the Cranial Vault
Due to the very precocious nature of prenatal and early post-
natal human brain development, the cranial vault is dispropor-
tionately large relative to the rest of the face and body. At birth, 
the cranial vault is initially characterized by the presence of all 
of the cranial vault bones. At that time, all the major sutural 
fibrous articulations between the bones of the cranial vault are 
present, including the metopic suture between the right and 
left frontal bone. In addition, there typically are four larger 
remnants, known as fontanels, of the desmocranial membrane 
in areas where the pace of bone growth has not been sufficient 
to approximate the bones of the cranial vault to form a suture 
(Fig. 1-11).

During the first 24 months after birth, growth of the cra-
nial vault bones proceeds rapidly enough to close the fonta-
nels as each complex of cranial vault bones becomes organized 
through interlocking sutures. The metopic suture normally 
fuses to form a single frontal bone within the first year of life, 
although the suture may appear to persist for up to 8 years of 
age or even throughout life in a small percentage of individuals. 
The cranial vault will continue to enlarge primarily as a result 
of compensatory growth of the sutural bone fronts stimulated 
by expansion of the brain. By 4 years of age, the brain and the 
associated cranial vault will have achieved approximately 80% 
of adult size; by age 10, the brain and cranial vault have attained 
95% of their adult size. Throughout this time of very rapid 
expansion, the remaining sutures of the cranial vault normally 
remain patent and actively growing to keep pace with the brain 
as it expands in size.

Osteogenesis at cranial sutural bone fronts may continue for 
the first two decades of life. However, by the end of the second 
decade of life, bone growth at cranial sutures has slowed and the 
potential for growth of cranial sutures has greatly diminished. 
Also at that time, the sutures will begin the normal process 
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Moss ML. The functional matrix. In: Kraus B, Reidel R, eds. Vis-
tas Orthod. Philadelphia: Lea & Febiger; 1962;85–98.)
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of bony closure, or synostosis, when the potential for sutural 
growth ceases altogether.

The cranial sutures normally lose the capacity for growth by 
the end of the second decade of life, and virtually all become 
synostosed during the life span. Normal suture closure is initi-
ated along the endocranial surface. Initially, this is characterized 
by bridging of bone across the suture and eventually through 
modeling of bone, leading to complete obliteration of the 
suture. Cessation of growth at cranial sutures typically begins 
around age 25 for the sagittal suture and may be extended for 2 
to 3 additional years for the coronal suture.

Despite the fact that the major cranial sutures stop growing 
by the third decade of life, some enlargement of the cranial vault 
overall typically occurs throughout the lifespan as a result of 
periosteal deposition along the ectocranial surface. Certain spe-
cific areas of the cranial vault, such as the glabellar and nuchal 
regions, may exhibit slightly greater periosteal growth as a sec-
ondary sex characteristic in males.

CRANIAL BASE
Development of the Cranial Base
The ectomeningeal membrane that surrounds the developing 
brain in the cranial base region gives rise to a number of paired 
cartilaginous elements that form the embryonic chondrocra-
nium. The first of the cartilage anlagen to form arises from 
neural crest cells at about 6 weeks’ gestation as the parachordal 
cartilages, which surround the proximal end of the notochord 
and give rise to the anterior cranial base. The posterior compo-
nent of the cranial base is derived primarily from mesoderm to 
form the basioccipital bone.37 Development of the chondrocra-
nium then progresses rostrally to the otic capsule, which will 
form the petrous portion of the temporal bone; the postsphe-
noid, presphenoid, alisphenoid, and orbitosphenoid cartilages 
of the sphenoid bone; and the nasal capsule and mesethmoid, 
which will form the ethmoid bone, inferior turbinate, and nasal 
septum. By 8 weeks’ gestation, the separate cartilage elements 
have merged to form a single plate of primary hyaline cartilage, 
the basal plate, extending from the foramen magnum rostrally 
to the tip of the nasal cavity (Fig. 1-12).

More than 110 separate centers of ossification form in the 
basal plate, beginning with the parachordal cartilages and 
continuing rostrally through the sphenoid complex around 
9 to 16 weeks, to the ethmoid region as late as 36 weeks. As 

these centers of ossification arise within the chondrocra-
nium, segments of intervening cartilage form synchondroses 
(Fig. 1-13). The principal cranial base synchondroses that 
are most relevant for understanding craniofacial growth are 
the spheno-occipital synchondrosis, between the body of 
the sphenoid and the basioccipital bone, and the spheno- 
ethmoidal synchondrosis, between the sphenoid and eth-
moid bones. The greater wing of the sphenoid bone and the 
squamous portion of the occipital bone develop and grow via 
intramembranous ossification.

Mechanism of Synchondrosal Growth
Cranial base synchondroses are temporary cartilaginous joints 
located between bones of endochondral origin and growth. 
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FIGURE 1-11  Lateral and frontal views of the neonate skull indicating the location of sutures and 
fontanels. (Adapted from Sicher H, DuBrul EL. Oral Anatomy. 5th ed. St. Louis: Mosby; 1970.)
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Synchondroses can best be considered as homologous to the 
epiphyseal growth plates of long bones. Functionally, both pro-
vide a mechanism for rapid endochondral growth of bone in 
a manner that is capable of overcoming biomechanical loads, 
thus exhibiting tissue-separating capabilities. Developmentally, 
cranial base synchondroses and epiphyseal plates of long bones 
synostose and become obliterated when the skeletal element 
achieves its mature size and shape. This typically occurs at the 
end of puberty for epiphyseal growth plates but varies from the 
end of the juvenile period through the end of puberty for the 
major cranial base synchondroses.

Cranial base synchondroses and epiphyseal growth plates 
are both derived from the primary hyaline cartilage that 
arises as part of the embryonic cartilaginous anlagen. Like 
endochondral bones and growth plates throughout the body, 
growth of synchondroses is controlled principally by expres-
sion of Indian hedgehog gene (Ihh) and sonic hedgehog 
(Shh).38,39 The significance of FGFR-3 for growth of the ante-
rior cranial base is also indicated by mutations associated with 
achondroplasia.

Histomorphologically, both cranial base synchondroses and 
epiphyseal growth plates, are characterized by primary chondro-
cytes that are distributed into zones that are highly typical for 
growth plate cartilage (Fig. 1-14). However, a major difference 
between epiphyseal growth plates in long bones and cranial base 
synchondroses is that synchondroses are “bidirectional.” Thus, 
each cranial base synchondrosis effectively has two back-to-back 
growth plates with a shared region of newly forming cartilage in the 
center and bone at each end. Growth plates are “unidirectional.”

The primary hyaline cartilage of the cranial base is the same 
as that found throughout the embryonic cartilaginous anlage 
that characterizes all the other cartilaginous bones through-
out the body. It is well known that growth of tissues derived 
from the primary embryonic cartilaginous anlagen tends to be 
relatively resistant to all but very extreme external influences. 
Growth of cartilage-derived skeletal elements throughout the 
body tends to be relatively resistant to environmental and other 
factors and instead is regulated to a large extent by intrinsic, 
genetically regulated growth factors and cell-signaling mol-
ecules.40 The same is true for the cranial base synchondroses. 
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posium. In: Bosma JF, ed. Development of the Basicranium. Bethesda, MD: US Department of 
Health, Education, and Welfare; 1976:3–28.)
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FIGURE 1-14  Histologic comparison between the cartilages within a growing epiphyseal plate 
(A) and cranial base synchondrosis (B) (hematoxylin and eosin–stained). R, Resting zone (dashed 
line); P, proliferating zone; M, maturational zone; H, hypertrophic zone; E, zone of endochondral 
ossification.
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However, it is important to note that the growth of both epiph-
yses and synchondroses can be significantly affected by such 
epigenetic factors as disease, malnutrition, and undernutrition, 
as well as other conditions that affect production and expres-
sion of endocrine factors responsible for bone growth.

The cartilage cells within both epiphyseal growth plates 
and cranial base synchondroses are characterized by extensive 
amounts of extracellular matrix that are secreted by and sep-
arate the cartilage cells. This matrix makes the cartilage very 
dense and strong but also flexible relative to bone and thus 
better able to absorb mechanical forces without directly affect-
ing the cells and potentially altering growth. Because there 
are no vessels within cartilage extracellular matrix, all nutri-
ents, growth factors, and cell-signaling molecules must diffuse 
through the matrix to reach the chondrocytes. The matrix 
thus “buffers” the chondrocytes from extrinsic mechanical 
forces and many soluble molecules that might provide infor-
mation about the external environment.41 As a result, cartilage 
growth in general, and endochondral ossification from pri-
mary hyaline cartilage in particular, tend to be more rigidly 
programmed genetically than intramembranous bone growth 
associated with periosteum, such as occurs in the desmocra-
nium and viscerocranium.

This difference in the mechanisms of growth between bone 
formed by means of intramembranous ossification and bone 
derived from endochondral ossification can be summarized 
through the concepts of skeletal growth centers versus skeletal 
growth sites.42 Development and growth of the skeletal tissues 
derived from primary cartilage are significantly more intrin-
sically regulated and less dependent for their expression on 
epigenetic factors. In particular, growth centers have what has 
been described as “tissue-separating capabilities,” emphasiz-
ing the capacity to grow and expand despite the presence of 
mechanical forces that would seem to be capable of inhibiting 
or restricting skeletal growth. Thus, epiphyseal and synchon-
drosal cartilage are referred to as growth centers. In contrast, a 
growth site is an area of skeletal growth that occurs secondarily 
and grows in compensatory fashion to growth and function in 
a separate but proximate location. Growth sites have no tis-
sue-separating capabilities but rather respond more readily to 
factors extrinsic to their specific area. Periosteal bone growth 
associated with muscle function is one obvious example of a 
growth site. Sutural bone growth is another example of a class 
of growth sites because of its association with bones of intram-
embranous origin and its clear connection to periosteal bone 
growth.

Postnatal Growth of the Cranial Base
Late prenatal and overall postnatal growth of the cranial base is 
related directly to growth of the synchondroses. There are three 
principal growth-related cranial base synchondroses that sep-
arate the bones of the cranial base at birth. The intersphenoid 
synchondrosis, between the presphenoid and basisphenoid, 
fuses around the time of birth in humans and thus does not 
contribute to postnatal growth. The sphenoethmoidal synchon-
drosis, which lies between the sphenoid and the ethmoid bones, 
is most active with respect to growth of the cranial base through 
approximately 7 to 8 years of age in humans. At that time, the 
sphenoethmoidal synchondrosis loses its cartilage phenotype 
and becomes a suture. Once that transition occurs, growth of 
the anterior cranial base is essentially complete. As a result, the 
anterior wall of the sella turcica, which is located on the body of 

the sphenoid; the greater wing of the sphenoid; the cribriform 
plate; and the foramen cecum are commonly used after age 7 
as stable reference structures for analyses of serial lateral radio-
graphic cephalograms.

The spheno-occipital synchondrosis, between the body of 
the sphenoid and occipital bones, is most prominent through-
out the period of active craniofacial growth and fuses shortly 
after puberty (Fig. 1-15). Once synostosis occurs, growth of 
the cranial base, especially in the anteroposterior direction, is 
essentially over. Subsequent changes in the form of the cranial 
base, such as in the angulation of the basioccipital bone relative 
to the anterior cranial base, for example, must come about as a 
result of bone modeling.

During the early postnatal years, the cranial base under-
goes a dramatic shift in its growth pattern (Fig. 1-16). Anterior 
(nasion–sella) and posterior (sella–basion) cranial base lengths, 
as well as cranial base angulation (nasion–sella–basion), exhibit 
greater growth changes during the first 2 to 3 postnatal years 
than any time thereafter. For example, cranial base angulation 
decreases more than twice as much during the first 2 postnatal 
years than between 2 and 17 years of age, primarily due to dif-
ferential growth of the spheno-occipital synchondrosis. Growth 
continues after 2 years of age, but the changes are smaller and 
steadier.

Between birth and 17 years of age, the anterior cranial base 
grows approximately 36% (males) to 53% (females) more than 
the posterior cranial base, with most of the differences occur-
ring during the first few years.43 It is important to understand 
that the anterior cranial base grows more and is also more 
mature (i.e., closer to its adult size) than the posterior cranial 
base throughout the postnatal growth. Longitudinal analyses 
have shown that the anterior cranial base has already attained 
approximately nearly 90% of its adult size by 4.5 years of age, 
while the posterior cranial base has attained only about 80% 
of its adult size (Fig. 1-17). The relative maturity differences 
between the anterior and posterior cranial base lengths are 
maintained throughout postnatal growth.

Anterior and posterior cranial base lengths increase because 
of bony deposition, as well as growth at the spheno-occipital 
and sphenoethmoidal synchondroses. Postnatally, the poste-
rior cranial base becomes longer primarily due to growth at the 
spheno-occipital synchondrosis. Histologic studies have shown 
that the spheno-occipital synchondrosis fuses at approximately 
16 to 17 years in females and 18 to 19 years in males.44 Radio-
graphically, the spheno-occipital synchondrosis shows active 
growth until approximately 10 to 13 years of age, at which time 
closure starts superiorly and continues inferiorly around 11 to 
14 years in females and 13 to 16 years in males.45,46

Because both landmarks are commonly used to describe the 
growth of the anterior cranial base, it is important to distin-
guish the changes that occur at nasion from those that occur 
at foramen cecum. After fusion of the sphenoethmoidal syn-
chondrosis, which occurs at approximately 7 to 8 years of age, 
increases in the distance between sella and foramen cecum are 
due primarily to the posterior and inferior drift of the sella tur-
cica. The distance sella–nasion, on the other hand, continues to 
increase primarily due to bony apposition on the outer surface 
of the frontal bone associated with the development of the fron-
tal sinus (the earliest pneumatization of the frontal sinus occurs 
around 2 years of age). The anterior cranial fossa continues to 
expand slightly, and the frontal sinus becomes more promi-
nent. As a result, the frontal bone and root of the nose become 
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FIGURE 1-15  Basal view of a juvenile human indicating the spheno-occipital synchondrosis (SOS).
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FIGURE 1-16  Male (m) and female (f) cranial base growth 
changes from birth through 17 years of age. (Data from Oht-
suki F, Mukherjee D, Lewis AB, etc.: A factor analysis of cranial 
base and vault dimensions in children, Am J Phys Anthropol 
58(3):271-9, 1982.)
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females. (Adapted from Buschang PH, Baume RM, Nass GG. A cra-
niofacial growth maturity gradient for males and females between 
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more anteriorly located. Ford47 estimated that the frontal bone 
drifts anteriorly approximately 7 mm between the time that the 
sphenoethmoidal synchondrosis fuses and adulthood.

MIDFACE/NASOMAXILLARY COMPLEX
The midface, or nasomaxillary complex, is composed of the 
paired maxillae, nasal bones, zygomatic bones, lacrimal bones, 
palatine bones, and, within the nasal cavity, the turbinates and 
vomer. Prenatally, human fetuses also have left and right pre-
maxillary bones; however, these normally fuse with the maxillae 
within 3 to 5 years after birth (Fig. 1-18).

The midface is connected to the neurocranium by a circum-
maxillary suture system and, toward the midline, by the car-
tilaginous nasal capsule, nasal septum, and vomer (Fig. 1-19). 
There is also an intermaxillary suture system composed of the 
midpalatal, transpalatal, intermaxillary, and internasal sutures. 
With the exception of the inferior turbinates, all the bones 

composing the midface are formed intramembranously from a 
connective tissue mass.

Development of the Midface
The midface has both viscerocranial and chondrocranial 
components. The chondrocranial component is comprised 
principally of parasagittal extensions of the cartilaginous 
anterior cranial base as the nasal septum and cartilaginous 
nasal capsule into the nasal region. The viscerocranial com-
ponent is derived from two embryonic structures. The first is 
an inferior extension of the frontonasal prominence, which 
extends toward the oral opening, or stomodeum, to form 
nasal structures and the philtrum of the upper lip. The second 
is the paired maxillary processes of the first branchial arch. 
Differential growth of the right and left maxillary processes 
results in their apparent migration medially until they come 
into contact with the medial nasal process of the frontonasal 
prominence.

Max

Nas

Pal

Zyg

Zyg
Pp

A B

FIGURE 1-18  (A) Frontal and (B) basal views of a juvenile human indicating the bones comprising the midface. Max, maxilla; Nas, 
nasal bones; Zyg, zygomatic bones; Pal, palatine bones; Pp, palatal processes of the maxillary bones.
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FIGURE 1-19  Location of the circummaxillary suture system articulating the midface with the 
neurocranium.
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The skeletal elements comprising the midfacial complex arise 
almost exclusively from neural crest cells within the maxillary pro-
cess of the first branchial arch. The primary palate, which gives 
rise to the four maxillary incisors, is derived from the frontonasal 
prominence. Only the facial ethmoid and inferior turbinate are 
derived from the cartilaginous component of the midface. Like 
the bones of the cranial vault, since the bones comprising the 
nasomaxillary complex have no cartilaginous precursors, they rely 
on intramembranous ossification for their development. How-
ever, the exact process by which initial bone formation occurs 
differs from that of the cranial vault bones. While the bones of 
the cranial vault arise within a desmocranial membrane, centers 
of ossification for the nasomaxillary bones develop as blastemas 
directly within the mesenchyme of the first branchial arch. These 
blastemas of bone are then surrounded by a periosteum that 
provides the source of new osteoblastic cells and thus for enlarge-
ment of the skeletal element. Molecular signaling mechanisms 
associated with the development, growth, and maintenance of the 
facial sutures are dependent on the presence of the nasal capsular 
cartilage, which appears to play a role similar to the dura mater in 
sutures of the cranial vault in the expression of TGF-β1, TGF-β2, 
TGF-β3, and Msx2.48 It has also been shown that Fgf8 plays a sig-
nificant role in the integration and coordination of the frontona-
sal prominence with the nasal and optic regions.49

Virtually all of the major centers of ossification within the 
midface can be seen at approximately 7 to 8 weeks’ gestation. At 
6 weeks’ gestation, the palatal shelves, which are mesenchymal 
tissue extensions of the embryonic maxillary processes of the 
first branchial arches, elevate within the oral cavity, where they 
will give rise to the hard and soft palates. The palatal shelves 
begin to ossify at 7 to 8 weeks’ gestation, with the two bone 
fronts of the palatal processes each extending medially to form 
the secondary palate, composed of processes from the maxillary 
bones and from the palatine bones, as they meet in the midline 
where they form the midpalatal suture.

The molecular mechanisms associated with the development 
of the palate are among the most studied in all of craniofacial 
growth and development because of the obvious problem of 
cleft lip and palate, which is the most common craniofacial 
deformity (approximately 1:1000 for children of European 
descent).50,51 Genes that have been identified specifically for a 
significant role in the genesis of cleft lip and palate now include 
isoforms of BMP, Dlx, Fgf-8, Msx, Pitx, Sho2, Shh, Sox9, and 
TGF-β, among others. It is also well documented that epigene-
tic factors, such as anoxia due to cigarette smoking and alcohol, 
have a major impact on nonsyndromal cleft lip and palate.

Development of the nasomaxillary complex proceeds lat-
erally and anteroposteriorly with expansion of the brain and 
cranial cavity and expansion of the oral cavity and oronasal 
pharynx. Also throughout the fetal period, anterior and infe-
rior growth of the nasal septal cartilage, which is an extension 
of the anterior cranial base, is most prominent. The cartilagi-
nous nasal capsule, which envelops the nasal cavity laterally, is 
primarily structural and contributes little to the overall growth 
of the nasomaxillary complex other than possible expression of 
growth factors that support the facial sutures (Fig. 1-20). Thus, 
the primary factors influencing the growth of the nasomaxillary 
complex from the late embryonic period and throughout the 
fetal period and the juvenile period postnatally are an expansion 
of the brain and cranial vault and growth of the anterior cranial 
base, including in particular anterior and inferior growth of the 
nasal septum, as well as expansion of the nasal cavity and oro-
nasal pharynx.

Postnatal Growth of the Midface
At the time of birth, the midface is well developed but dimin-
utive relative to the neurocranium. The circummaxillary and 
intermaxillary sutures are all present and active as sites of bone 
growth. The nasal capsule and midline nasal septum are still 
primarily cartilaginous and continuous with the rest of the 
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FIGURE 1-20  Frontal histologic sections of human fetuses at approximate ages of 5 weeks’ ges-
tation (A) and 11 weeks’ gestation (B) (hematoxylin and eosin–stained). NS, Nasal septal cartilage; 
NC, nasal capsular cartilage; V, vomer; PS, palatal shelves.
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chondrocranium from the anterior cranial base. The septum is 
also very actively growing by means of interstitial cartilaginous 
growth, leading to significant anterior and vertical growth of 
the midface, especially during the first 3 to 4 years of life.

With the exception of the nasal septum, postnatal devel-
opment of the nasomaxillary complex occurs via intra
membranous ossification. Growth at the circummaxillary and 
intermaxillary sutures occurs in response to midfacial displace-
ments due principally to growth of the anterior cranial base and 
nasal septum. Inferior, anterior, and lateral displacements of the 
midface result in concomitant compensatory sutural growth to 
account for the majority of vertical, anteroposterior, and trans-
verse changes that occur during both childhood and adoles-
cence (Fig. 1-21). Along with displacements, extensive surface 
modeling takes place over the entire nasomaxillary complex, 
especially along its posterior and superior aspects.

As long as the midface undergoes displacement, sutural 
growth occurs, with the amounts of bony apposition being 
related directly to amounts of sutural separation. Growth con-
tinues until the sutures are no longer separating. The premaxillary/
maxillary suture fuses at approximately 3 to 5 years of age.52 
The midpalatal and transpalatal maxillary sutures, which are 
the major intermaxillary growth sites associated with trans-
verse and anteroposterior maxillary growth, have been reported 
to close between 15 and 18 years of age53 and 20 to 25 years of 
age,54 depending on the criteria on which closure is based. More 
recent studies suggest only limited amounts of sutural oblitera-
tion (i.e., the development of bony bridges, or spicules, running 
across the suture after growth has ceased) in adult midpala-
tal sutures.55,56 The increasing complexity that characterized 
sutures during childhood and adolescence appears to be func-
tionally, rather than age, related.57 Although data are limited, 
it appears that closure of the circummaxillary sutures occurs 
somewhat later than closure of the intermaxillary sutures.

The midface undergoes a complex modeling pattern through-
out childhood and adolescence (Fig. 1-22).58 As the midface is 
displaced anteriorly, compensatory bony deposition occurs 

along the posterior margin of the maxillary tuberosity, result-
ing in an increase in the length of the entire maxilla and of the 
dental arches.59 The posterior maxilla is a major modeling site 
that accounts for most of the increases in maxillary length. The 
anterior periosteal surface of the maxilla is slightly resorptive, 
while the buccal surfaces undergo substantial bony deposition. 
From the sagittal perspective, the area of the anterior nasal spine 
drifts inferiorly; the A-point also drifts inferiorly and slightly 
posteriorly. For every 4 mm that the posterior nasal spine drifts  
posteriorly, it drifts approximately 3 mm inferiorly. Associated 
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FIGURE 1-21  (A) Sutural displacement (Su), apposition of the orbital floor (O), resorption of the nasal 
floor (Re), apposition at the infrazygomatic crest (C), and dentoalveolar development (A) from 4 years 
of age through adulthood in nine boys. (B) Width changes (mm) of the maxilla and lateral implants 
between 3.9 and 17.7 years of age. (From Björk A, Skieller V: Postnatal growth and development of the 
maxillary complex. IN McNamara JA Jr, ed.: Factors affecting the growth of the midface, Ann Arbor, 
MI: Center for Human Growth and Development, Michigan Craniofacial Growth Series; 1976:61-100.)

FIGURE 1-22  Maxillary remodeling, with the sizes of the 
arrows indicating relative amounts of change and with dark and 
light arrows indicating resorption and apposition, respectively. 
(Redrawn from Enlow DH, Bang S. Growth and remodeling of 
the human maxilla. Am J Orthod. 1965;51:446–464.)
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with inferior displacement of the midfacial complex, bony 
resorption occurs along the floor of the nasal cavity, whereas 
apposition occurs on the roof of the oral cavity (i.e., palate) and 
orbital floor. Implant studies suggest that for every 11 mm of 
inferior midfacial displacement, the orbital floor drifts supe-
riorly 6 mm and the nasal floor drifts inferiorly 5 mm.60 Thus, 
midfacial height increases due to the combined effects of infe-
rior cortical drift and inferior displacement (see Fig. 1-19). The 
height of the midface is further increased by continued develop-
ment of the dentition and alveolar bone. The lack of naturally 
stable structures on the surface of the midfacial complex makes 
superimposition difficult.

The width of the midface at the time of birth is proportion-
ately large due to the precocious development of the eyes, which 
are the central features of the neonatal midface. Growth in width 
during the first 2 to 3 years after birth is associated with expan-
sion of the brain laterally and anteroposteriorly, which brings 
the eyes laterally with it. As this occurs, the sutures separating 
the two halves of the frontal bone (metopic suture), the two 
nasal bones (internasal suture), the two maxillae (intermaxil-
lary suture), and the two palatine bones (midpalatal suture) are 
positioned to respond by secondary, compensatory bone for-
mation. It has been estimated that the midalveolar and bijugale 
widths of the maxilla increase approximately 5 mm and 6 mm, 
respectively, between 7.6 and 16.5 years of age; rates of growth 
in width diminish slightly with increasing age.61

At the same time that the midface is increasing in width, it 
is increasing even more dramatically in depth (anteriorly) and 
height (vertically). The midface increases most in height, next 
in depth, and least in width. As the brain and eyes grow ante-
riorly relative to the middle cranial base, the orbits increase in 
depth and the anterior cranial base lengthens, primarily as a 
result of growth at the sphenoethmoidal synchondrosis. Con-
comitantly, the nasal septum grows vertically as the midface 
is displaced inferiorly relative to the anterior cranial base. The 
combination of these two growth processes—growth in a ver-
tical direction associated with interstitial cartilaginous growth 
within the nasal septum and growth in an anterior direction 
associated with interstitial cartilage growth within both the 
nasal septum and synchondroses of the cranial base—results in 
the typical downward and forward growth of the entire midface 
relative to the anterior cranial base. Surface deposition cannot 
account for the downward and forward midfacial growth that 
occurs during childhood and adolescence.

The age of approximately 7 years is something of a bench-
mark for growth of the midface. Growth of the central nervous 
system—the brain and eyes—is essentially complete at about 
7 years of age. Concomitantly, the cartilage of the sphenoeth-
moidal synchondrosis ossifies and a suture is formed between 
the sphenoid and ethmoid bones at about that time. As a result, 
a relatively stable anterior cranial base is established extend-
ing from the sella turcica to the foramen cecum. Also at about 
7 years of age, the growth of the cartilages of the nasal capsule 
and nasal septum changes significantly. The cartilaginous nasal 
capsule becomes ossified, and the nasal septum, which remains 
cartilaginous throughout life in humans, decreases significantly 
in growth activity. Despite these important developmental 
changes in the growth processes of the midface, downward and 
forward skeletal growth continues to be significant over the 
next decade or so, particularly in males during adolescence.

Growth of the nasomaxillary complex continues throughout 
childhood and adolescence, with substantially greater vertical 

than anteroposterior growth potential (Fig. 1-23). By 4.5 years 
of age, palatal length (anterior nasal spine–posterior nasal 
spine) and anterior facial height (nasion–anterior nasal spine) 
have attained approximately 80% and 73% of their adult size, 
respectively (see Fig. 1-18). In terms of absolute growth, mid-
facial heights should be expected to increase 10 to 12 mm in 
females and 12 to 14 mm in males between 4 and 17 years of 
age. Palatal length should be expected to increase 8 to 10 mm 
over the same time period. Because nasion drifts anteriorly at 
approximately the same rate as the midface is displaced anteri-
orly, the sella–nasion–anterior (SNA) nasal spine angle shows 
little or no change during childhood or adolescence. Although 
vertical maxillary growth rates peak during adolescence, at 
approximately the same time as stature, anteroposterior max-
illary growth remains more or less constant, with no distinct 
adolescent spurt.

Because the displacements are not parallel, the midface 
undergoes varying amounts of vertical and transverse true 
rotation. True rotation is independent of surface modeling and 
refers to changes that occur over time in the positions of basal 
bone; it is commonly assessed with metallic implants placed 
into the mandibles and maxillae of growing children.62 From 
the sagittal perspective, most children undergo true forward or 
counterclockwise (subject facing to the right) rotation of the 
midface, due to greater inferior displacement of the posterior 
than anterior maxilla. The true rotation that occurs tends to 
be covered up or hidden by the resorption that occurs on the 
nasal floor. For example, true forward rotation is associated 
with greater resorption in the anterior than posterior aspect 
of the nasal floor. Due to greater transverse displacements 
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FIGURE 1-23  Maxillary growth changes between 4 and 
17 years of age of males and females. (Adapted from data pro-
vided by Bhatia SN, Leighton BC. A Manual of Facial Growth: a 
Computer Analysis of Longitudinal Cephalometric Growth Data. 
New York: Oxford University Press; 1993.)
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posteriorly than anteriorly, the midfacial complex also exhibits 
transverse rotation around the midpalatal suture (Fig. 1-24). 
As a result, there is greater sutural growth in the posterior 
than anterior aspect of the midpalatal suture. Cephalometric 
analyses using metallic implants have shown that the poste-
rior maxilla expands approximately 0.27 to 0.43 mm/yr, with 
greater expansion occurring during childhood than during 
adolescence.60

There are definite sex differences in maxillary postnatal 
growth (Fig. 1-25), with males being larger and growing more 
than females. Size differences, averaging between 1 mm and 
1.5 mm, are small but consistent during infancy and child-
hood. Sexual dimorphism increases substantially throughout 
the midfacial complex during adolescence, with differences of 
approximately 4 mm in maxillary length (anterior nasal spine 
to posterior nasal spine [ANS-PNS]) and upper facial height 
(nasion to anterior nasal spine [N-ANS]) at 17 years of age. 
Males also have significantly wider midfaces than females, with 
differences approximating 5 to 7 mm during late adolescence.63 
The primary reason that adult males are larger than adult females 
is the 2 extra years of childhood growth that males have; males 
enter the adolescence phase of growth at approximately 12 years 
of age, while females enter around 10 years. Males are also larger 
than females because they experience a more intense adolescent 
spurt, but this contributes less to the sex differences observed.

MANDIBLE
Development of the Mandible
The mandible develops bilaterally within the mandibular pro-
cesses of the first branchial arch. Each embryonic mandibu-
lar process contains a rod-like cartilaginous core, Meckel’s 
cartilage, which is an extension of the chondrocranium into 
the viscerocranium. Throughout its course, distally Meckel’s 
cartilage is accompanied by the mandibular division of the tri-
geminal nerve (CN V), as well as the inferior alveolar artery 
and vein. Proximally, Meckel’s cartilage articulates with the 
cartilaginous cranial base in the petrous region of the tempo-
ral bone, where it gives rise to the malleus and incus bones of 
the inner ear.

By 6 weeks’ gestation, a center of ossification appears in the 
perichondrial membrane lateral to Meckel’s cartilage. It is criti-
cal to note that ossification of the mandible takes place in mem-
brane lateral and adjacent to Meckel’s cartilage, and not within 
Meckel’s cartilage itself (Fig. 1-26). Therefore, it is clear that the 
mandible develops and subsequently grows by means of intram-
embranous ossification and not through endochondral ossifica-
tion and replacement of Meckel’s cartilage. The only portion of 
the developing lower jaw that appears to be derived from endo-
chondral ossification of Meckel’s cartilage is the mental ossicles, 
which are two very small sesamoid bones that are formed in the 
inferior aspect of the mandibular symphysis.65 These bones are 
no longer present at the time of birth.

Intramembranous ossification of the body of the mandi-
ble proceeds distally toward the mental symphysis and proxi-
mally up to the region of the mandibular foramen. As it does 
so, Meckel’s cartilage begins to degenerate and involute as the 
inferoalveolar neurovascular bundle becomes progressively 
enveloped by the intramembranously developing mandibular 
bone. Meckel’s cartilage completely disappears by approxi-
mately 24 weeks’ gestation, remaining in remnant form as the 
dense sphenomandibular ligament and giving rise to the mal-
leus and incus ear ossicles.

Initial evidence of the formation of the temporomandibular 
joint (TMJ) is seen upon expression of the Barx-1 homeobox 
gene. By approximately 8 weeks’ gestation, the condylar pro-
cess appears as a separate carrot-shaped blastema of cartilage 
extending from the ramus proximal to the mandibular foramen 
and extending up to articulate with the squamous (membra-
nous) portion of the developing temporal bone. Formation of 
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FIGURE 1-24  Transverse expansion (mm/yr) of metallic bone 
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size. (Adapted from data provided by Bhatia SN, Leighton BC. 
A Manual of Facial Growth: a Computer Analysis of Longitudi-
nal Cephalometric Growth Data. New York: Oxford University 
Press; 1993.)



17CHAPTER 1  Craniofacial Growth and Development: Developing a Perspective

the joint cavity between the condylar process and the squamous 
portion of the temporal bone is essentially completed as the 
TMJ by about 12 weeks’ gestation (Fig. 1-27).

As the cartilage comprising the mandibular condyle arises 
“secondarily” within a skeletogenic membrane and apart from 
the primary embryonic cartilaginous anlagen, it is referred to as 
a secondary cartilage (Fig. 1-28). Secondary cartilage is a unique 
type of skeletal tissue that has the characteristics of both intra
membranous bone and certain histologic and functional fea-
tures of hyaline growth cartilage. Secondary cartilage is formed 
in areas of precocious stresses and strains within intramembra-
nous bones, as well as in areas of rapid development and growth 
of bone.65,66 Within the craniofacial complex, the angular and 
the coronoid processes of the mandible also may exhibit the 
presence of secondary cartilage because these are sites of very 
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FIGURE 1-26  Drawings of a fetal mandible with lateral (top left) and medial (bottom left) views. 
Right, Photomicrograph of coronal view of human fetus indicating Meckel’s cartilage medial to 
the mandible (M). MST, Masseter muscle. (Drawings adapted from Warwick R, Williams PL, eds. 
Gray’s Anatomy. 35th ed. Philadelphia: WB Saunders; 1973.)
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FIGURE 1-27  Parasagittal histologic section of human fetus 
(approximately 12 weeks’ gestation) (hematoxylin and eosin–
stained). MCC, Mandibular condylar cartilage; CP, coronoid pro-
cess; AP, angular process; TMP, temporalis muscle.
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FIGURE 1-28  Frontal histologic section of a human fetus 
(approximately 8 weeks’ gestation) (hematoxylin and eosin–
stained). The bone comprising the body and ramus of the mandi-
ble (M) originates in the membrane lateral to Meckel’s cartilage 
(MC). The periosteal membrane enveloping the mandible gives 
rise secondarily to the mandibular condylar cartilage (MCC).
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