Craniofacial
IDistraction

Joseph G. McCarthy
Editor



Craniofacial Distraction



Joseph G.McCarthy
Editor

Craniofacial Distraction

@ Springer



Editor

Joseph G. McCarthy, M.D.

Wyss Department of Plastic Surgery
NYU Langone Medical Center
New York, NY

USA

ISBN 978-3-319-52562-4 ISBN 978-3-319-52564-8  (eBook)
DOI 10.1007/978-3-319-52564-8

Library of Congress Control Number: 2017941723

© Springer International Publishing AG 2017

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recita-
tion, broadcasting, reproduction on microfilms or in any other physical way, and transmission or infor-
mation storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publica-
tion does not imply, even in the absence of a specific statement, that such names are exempt from the
relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Printed on acid-free paper
This Springer imprint is published by Springer Nature

The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



Foreword

A revision may require an introduction for, as an example, taking the position of a ship
at sea. But an original work is self-sufficient; it can stand by itself. It does not need a
foreword, which is embarrassing for one to write who is ignorant in the matter.

New ideas—some often ridiculous—are daily occurrences in surgery, but
successful clinical applications of them are rare. Moreover, when the applications of
anew surgical concept extend rapidly to several areas, the fact deserves to be sharply
emphasized. This is presently the case for Distraction Osteogenesis, called the
“D.0.G.” system by the writer. From the basic principles to animal experiments to
quantitative evaluations and the wide spectrum of clinical applications, “D.0.G.” is
splendidly illustrated and its therapeutic appeals made convincing in this book.

Memories

Ilizarov’s concept (1952) for limb reconstruction was born in remote, deep-frozen
Siberia. Then Snyder experimented (1973) with the canine mandible, but his work
escaped the facial surgeon’s vigilance. However, Joe McCarthy made subsequent
canine experiments and presented the first applications on the human in Florence
in 1989; the “D.0.G.” method then exploded within only 6 years. The fact is so
much more remarkable when one considers that, in general, it takes one genera-
tion from the infant’s first steps to easy jogging; other examples are the transitions
from Medawar’s tissue compatibility to current kidney transplantation and from
chips to personal computers and the development of safety in lens or total hip
replacements.

Paleoconcepts

It also took one generation for interceptive craniofacial surgery to be applied to the
corrections of the deformities resulting from Crouzon syndrome, Apert syndrome,
plagiocephaly, Franceschetti syndrome, hemifacial microsomia, “rare” facial clefts,
and hypertelorbitism through the intracranial route. One generation of painful effort
for all specialties, but only 6 years for McCarthy’s performance in attracting facial
and cranial surgical leaders.
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Jubilation

The writer of this foreword feels the situation so much more ironic because several
of the surgical steps mentioned above have been dramatically short-circuited by a
simple “jackscrew” device skillfully used. A mandibular endless screw has opened
an unlimited adventure. This is a revolution that has spread to the maxilla in
Mexico; then the midface and calvarium in France, Germany, and the United
States; and so on.

Panoramic Perspectives

Will an endless screw put an end to interceptive facial and cranial surgical proce-
dures, which can still stand as landmarks and references for treatment goals? The
D.O.G. system has been elaborated by Joe McCarthy for the child’s mandible,
which has a high potential for generating new bone. But D.O.G. has rapidly
expanded to other young bones, and the method will probably remain a privilege for
children. However, the principles have been already applied to nongrowing bones,
such as those in craniosynostosis, and also to older posttraumatic mandibular defor-
mities by the process of “bone transport,” which might avoid the need for intraoral
soft tissue transfers in adults.

Is it not amazing that the D.O.G. method has already attracted the orthodontists?
Is it not encouraging that another gate of hope is now opened to the hopeless
microphthalmic patients?

Further applications in the human will no longer be “human experiments,” but
sound applications of investigative surgeons who had either surrendered or had
overwhelmed the problems by other means or other tools at different age groups.

Thank You

For the surgery of the human face, the year 1987 was a fabulous milestone. When
Joe McCarthy uncorked the first bottle of “D.O.G.” in Florence in 1989, he was
continuing a half-century NYU tradition for innovation and education.

Paris, France Paul Tessier

Reproduced from the 1999 book



Preface

I suspect every author, contemplating writing a textbook, asks himself the obvious
question: Why? Is there a need? Will it be worth the effort? For me, the answer is an
unequivocal yes.

First of all, craniofacial distraction has been a personal odyssey beginning with
our initial canine experiments in 1986. As our experience with the technique
increased, both at New York University and other worldwide centers, I recognized
the need to collect the relevant material and make it available to interested clini-
cians. The first effort was a workshop, probably the first ever on the subject, held at
the NYU Medical Center in 1994. It was a small, but spirited, meeting with no more
than 50 participants from around the world. We shared ideas and learned from each
other. At the conclusion of the meeting, we recognized that craniofacial distraction,
with many of the techniques first developed in animal models, had a sound research/
clinical foundation and had resulted in significant advances in craniofacial surgical
treatment.

Ten years after the first mandibular distraction, the first textbook, the forerunner
of the current book, was published with multiple authors writing on laboratory
research, as well as the clinical experience in mandibular and midface distraction.
While there have been many meetings on the subject in the subsequent interval,
I now believe, almost two decades later, that a new edition is indicated because of
significantly new developments and findings in research and clinical distraction.

In organizing the book outline, I have arranged it according to the anatomic com-
ponents of the craniofacial skeleton. Following the Introduction, there is a chapter
entitled the “Biomechanical and Biomolecular Aspects of Distraction,” detailing
classic research that harks back to the historic work of Gavriil Ilizarov of Russia.
Future research advances, beyond those chronicled in this chapter, will have pro-
found effects on the practice of craniofacial distraction.

The chapter on mandibular distraction mainly reflects the experience and clinical
protocols of the NYU team. However, there is a complete review of the international
literature and the contributions of other teams are also discussed in the chapter.

I was fortunate to work closely with my NYU orthodontic colleague, Barry
Grayson, right from the beginning of the craniofacial distraction project. We worked
as a team and I learned a great deal from him. He excelled at preoperative planning,
data collection and long-term outcome analysis. I should also note he is the father
of craniofacial orthodontics, now recognized as a subspecialty of the American

vii
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Dental Association. He and Dr. Pradip Shetye have contributed a chapter entitled
“Orthodontic Aspects of Mandibular Distraction” in which the critical role of the
orthodontist in the clinical protocol is emphasized, followed by a chapter on mid-
face/monobloc distraction.

I have recruited contributing authors from those areas of craniofacial distraction
where they have made innovative contributions and have acquired a large clinical
experience. Dr. Cesar Guerrero has a unique experience in intraoral mandibular
distraction and has demonstrated inventive skills in the design of devices used to
replace traditional orthognathic mandibular procedures.

My former trainee, James Bradley, recognized that cleft palate patients, while
they may have a satisfactory occlusal relationship, often lack adequate midface pro-
jection or contour; hence, his promotion of Le Fort I level distraction before cranio-
facial maturity is attained.

Working with my former trainee and current NYU faculty member, Roberto
Flores, I have outlined the NYU protocol and practices for midface and monobloc
distraction. Our experience is predominantly based on the application of the RED or
halo devices. We have shared follow-up outcome data extending out to 20 years
postoperative.

David Dunaway and Aina Greig of London have a remarkable bipartition dis-
traction experience in which they simultaneously correct orbital hypertelorism and
midface hypoplasia. I have also recruited Jesse Taylor of Philadelphia who has
developed new applications of the distraction method to expand the cranial vault in
pediatric patients with craniosynostosis.

In my over 40 years at the Institute of Reconstructive Plastic Surgery at the NYU
Langone Medical Center, I was fortunate to be a member of a remarkable clinical/
research team with many of my colleagues drawn from basic science and clinical
disciplines outside the specialty of plastic surgery. They have been collegial and we
have spent many enjoyable hours together both in and outside the clinical setting.
They have challenged me and also exchanged ideas and suggestions. Candor and
hard work in such an environment are the key ingredients for clinical innovation and
progress.

I wish to acknowledge those team colleagues and NYU fellows/residents who
have been involved in the craniofacial distraction journey with me (and apologize
to those inadvertently omitted): Joseph Bernstein, Sean Boutros, James Bradley,
Lawrence Brecht, E.J. Caterson, Court Cutting, Wojciech Dec, Roberto Flores,
Dale Franks, Scott Glasberg, Paul Glat, Arun Gosain, Barry Grayson, Aina Greig,
Geoffrey Gurtner, David Hirsch, Craig Hobar, William Hoffman, Larry Hollier,
Richard Hopper, Jordan Jacobs, John Jensen, Hitesh Kapadia, Nolan Karp, Tim
Katzen, Jamie Levine, Michael Longaker, Richard Mackool, Susan McCormick,
Babak Mehrara, Parit Patel, Norman Rowe, Doug Roth, Pierre Saadeh, John
Schreiber, Pradip Shetye, John Siebert, Pedro Santiago, Jason Spector, David
Staffenberg, Doug Steinbrech, Eric Stelnicki, Oren Tepper, Charles Thorne, Bruno
Vendittelli, Stephen Warren, Katie Weichman, Robert Wood and Barry Zide.

I am also indebted to my colleagues beyond NYU, especially Drs. Fernando
Ortiz-Monasterio and Fernando Molina of Mexico City. They early recognized the
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potential of craniofacial distraction and collected a large clinical series confirming
the efficacy of the technique. Likewise, Drs. John Polley and Alvaro Figueroa of
Chicago introduced the halo frame for midface distraction, a device whose reliabil-
ity greatly influenced me. I must also acknowledge Drs. Diner and Vasquez who
organized several meetings in Paris that did so much to disseminate the worldwide
clinical experiences with this new technique. The biannual meeting of the
International Society of Craniofacial Surgery (ISCFS), likewise, highlighted this
subject in their programs.

My patients and their families have been my true heroes. Their spirit and courage
continue to inspire and energize me. Their optimism and gritty determination were
so impressive as they committed to new surgical procedures and the compilation of
long-term clinical data. I must pay special attention to Pat Chibbaro, nurse clinician
par excellence, who never lost sight of all details of a large clinical program and,
yet, remained so devoted to the interests and needs of our patients and their families.
Mary Spano, outstanding medical photographer, made sure our photographic
records were of the highest quality to ensure important clinical data gathering. Her
work is apparent to all who look at the illustrations in this book. Margy Maroutsis,
working with Drs. Grayson and Shetye, saw to it that orthodontic visits with cepha-
lograms and ICAT scans were coordinated.

Sandra Cummings, my executive secretary, was ever loyal and capable. Her
organizational and computer skills were critical in this new era of electronic pub-
lishing. She has managed to keep my professional life on track, always with ele-
gance and good humor.

Unlike the 1999 edition when I worked with a Springer publishing team working
less than 15 city blocks away in New York, this book was developed and processed
electronically continents apart. Yet, despite initial misgivings, I quickly realized I
was working with highly skilled professionals whose help and cooperation I wish to
acknowledge:

Ms. Wilma McHugh, production contact; Ms. Tanja Maihoefer from
editorial team; Ms. Mahalakshmi Sathishbabu, project coordinator;
and Mr. Rajesh Sekar, project manager

I dedicate this book to three departed mentors—all giants of the world of cranio-
facial surgery. They had endless energy, passion for surgery, intellectual curiosity
and unquenchable commitment to surgical problem solving. Colleagues and friends,
we shared many happy and warm times together.

John M. Converse—New York
Paul Tessier—Paris
Fernando Ortiz-Monasterio—Mexico City

My successor, Eduardo Rodriguez, in the Wyss Department of Plastic Surgery
has graciously allowed me to continue some of my academic work. I am proud that
Dr. Rodriguez is at the helm of NYU Plastic Surgery six decades after its founding.
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Roberto Flores, my former resident and fellow, has fortunately been recruited back
to the NYU Craniofacial Surgery Center. He has been involved in these chapters and
has provided many important insights and ideas.

Most of all, I owe so much to Karlan, my wife of almost 55 years. She shared this
distraction journey with me—and a “distraction” in our personal lives it could be.
She, however, encouraged me and made it all possible, overseeing so many parts of
my personal and family life. She tolerated a work schedule, often too fast paced.
I will always be grateful for the joy, love and laughter she brings to my life.

New York, NY, USA Joseph G. McCarthy, M.D.
2017
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Craniofacial Distraction: A Personal
Odyssey

Joseph G. McCarthy

By the mid-1980s, approximately 20 years after Tessier reported remarkable
achievements in the reconstruction of the craniofacial skeleton with radically new
surgical techniques, successful massive en bloc skeletal movements were routinely
employed to improve craniofacial function and appearance. Moreover, CT imaging
and rigid skeletal fixation systems had been developed, allowing even more com-
plex craniofacial surgical reconstructions. Nevertheless, there remained unsolved
problems. The surgical procedures were invasive, and the operations and hospital-
izations were lengthy. There was often the need for bone graft harvest, and extensive
blood replacement was necessary. Soft tissue problems were often not addressed,
and many of the procedures represented what I call “bone carpentry.” The relapse
rate for many procedures was relatively high because of the acute intraoperative
advancement of skeletal segments against restrictive and deficient soft tissue.

It had been my custom, as chief, to make plastic surgery rounds at Bellevue
Hospital on Wednesday mornings. In 1986, at the completion of rounds, the resi-
dents suggested that I accompany them to the orthopedic surgery floor to see “some-
thing interesting.” On arrival, we visited a bedside where there was a male patient
lying in bed with Ilizarov distraction devices on his lower extremities for lengthen-
ing purposes. Prior to this visit, I was unaware of the concept of distraction osteo-
genesis. Immediately, I recognized that this novel technique of augmenting bone
should be considered for reconstruction of the craniofacial skeleton. It was my
Eureka moment!

We had been working in the laboratory to lengthen bone, and I must admit we
were singularly unsuccessful. We had developed a canine mandible model in which
the bone was osteotomized at the angle, and specially constructed skin expanders
were inserted after the gap had been enlarged, the plan being to expand the expander

J.G. Mccarthy, M.D.
Wyss Department of Plastic Surgery, NYU Langone Medical Center, New York, NY, USA
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with serial saline injections. Regrettably, we had an excessively high infection rate
and abandoned the experiment.

Following my visit to the orthopedic service, I knew it was time to return to the
laboratory. I had always felt that translational research began on the clinical service
where a problem was recognized and a solution sought. The laboratory should be
used to develop a solution, which was then “translated” back to the clinical setting,
in reality, a two way path. At that time, Nolan Karp was my research fellow and
Charles Thorne the craniofacial surgery fellow. They were the first of many fellows
and residents who were key members of the NYU craniofacial distraction team,
working both in the laboratory and clinic setting. For the distraction experiment, we
used a similar canine mandible model, and the Howmedica Corporation modified an
existing finger distraction device. We followed the Ilizarov protocol as published
(translated by my son who read and spoke Russian).

We made the osteotomy behind the last molar and secured the distraction
device with two bicortical pins on either side of the osteotomy. As recommended
by Ilizarov, we observed a latency period of 5 days and activated the device at the
rate of 1 mm per day for 20 days. We maintained the device in consolidation for
8 weeks.

After euthanasia and stripping of the soft tissue, we were stunned to see robust
and solid bone at the distraction zone. I was also struck at the three-dimensional
expansion of the mandible. This series of mandibular distraction experiments was
submitted to the journal, Plastic and Reconstructive Surgery. It was rejected but
subsequently published in another journal [1]. Its rejection is ironic because this
publication became the second-most cited paper in the plastic surgery literature.

In a follow-up study [2], the same NYU team reported a serial histologic study
to ascertain the biologic events in the distraction zone:

1. An initial fibrous central zone with laying down of collagen in parallel bundles
in the direction of the distraction forces

2. A transition zone characterized by the deposition of osteoid on the collagen
matrix

3. A remodeling zone with the appearance of osteoblasts and osteoclasts

4. A mature bone zone

After extensive canine laboratory experience, I was convinced distraction of the
mandible was ready for human application. I thought the ideal candidate would be
a young child because I had recognized in my clinical work that the younger patient
was a “bone factory” in its ability to produce bone. I was also looking for a patient
with severe deficiency and an associated marked craniofacial dysmorphism. I
believed that the mandible was the ideal bone for initial clinical distraction, espe-
cially since the teeth and radiographs/cephalograms would allow us to document the
progress and result of the distraction. Moreover, unilateral mandibular distraction
allowed the contralateral side to serve somewhat as a control.

I selected an 18-month-old boy with right-sided craniofacial microsomia. The
parents and I had multiple conversations about the clinical problem, the novelty of
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the recommended surgical technique, and also the extensive laboratory experience
supporting the use of a distraction device. The first craniofacial distraction proce-
dure was performed in May 1989. I have followed the patient for 27 years, and his
mother at one time was the president of our family support group. We subsequently
operated on other children, and in our first clinical paper, we reported a series of
patients with unilateral craniofacial microsomia [3].

Throughout this odyssey, my orthodontist colleague, Barry Grayson, was of
invaluable assistance in documenting and advising me in terms of the three-
dimensional change in mandibular morphology and the effects on the occlusion.
I was always impressed with his creative ideas and his focus on the effects of
surgical intervention on craniofacial growth and development in the younger
patient.

It quickly became apparent that in patients with bilateral mandibular deficiency
and obstructive sleep apnea, distraction was a major clinical breakthrough or mile-
stone in the treatment of neonatal sleep apnea due to mandibular deficiency and
glossoptosis. Many times, it precluded the need for a tracheotomy, a challenging
therapeutic decision in the young child. The role of the pediatric otolaryngologist
and the pediatric anesthesiologist was critical, and I learned a great deal from them
on safely managing a dangerous airway.

In a series of patients with previous bone graft mandibular reconstructions, we
learned that adequate bone volume was critical for distraction success [4]. Distraction
of narrow caliber rib grafts led only to fibrous union. In the growing or young
patient, we reported the value of removal of tooth follicles with a delay of several
months before mandibular distraction in order to increase bone volume for the oste-
otomy and device application [5].

The next logical step was to develop an intraoral mandibular distraction
device, and after the device had been fabricated, we demonstrated in the canine
model that there was not an increase in the infection rate and there was bone of
adequate volume and strength, even though the surgical wound had been exposed
to the oral flora [6].

As I lectured around the world about this new technique, a common question,
especially from oral maxillofacial surgeons, was what was the effect of mandibular
distraction on the TMJ. Our team, with Susan McCormack leading, demonstrated in
the laboratory and clinical setting that mandibular distraction had little negative
effect on the normal TMJ [7, 8]. There was slight, but temporary, flattening of the
condylar cartilage with no effect on the glenoid fossa. These findings were also
borne out with the absence of temporomandibular joint problems in our clinical
series. However, it was noted that with vertical vectors, there could be discomfort in
the TMJ, and, on occasion, we would unload the joint by an orthodontically con-
structed occlusal splint.

These studies also led to a new surgical approach to the correction of TMJ anky-
losis [9]. In the clinical setting, an L-shaped osteotomy was made, and transport
distraction was performed after a gap arthroplasty to release the ankylosis. It is
noteworthy that the leading edge of the transport segment had a fibrocartilaginous
cover, simulating the condylar cartilage.
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By this time, we recognized that distraction osteogenesis has a more global effect
than simply lengthening or augmenting the affected bone. This led to the concept of
“distraction histogenesis™ or enlargement of not only the bone but also the associ-
ated soft tissue, i.e., the muscles of mastication and nerves [10].

I must acknowledge my gratitude for the early support and recognition of cranio-
facial distraction by the late Fernando Ortiz Monasterio and his young and dynamic
colleague, Fernando Molina, of Mexico City. They embraced the technique and
published an impressive large series of patients with successful mandibular distrac-
tion. Moreover, the father of craniofacial surgery, Paul Tessier of Paris, visited our
canine laboratory at NYU, and I demonstrated one of our animals who had under-
gone unilateral mandibular distraction. I happened to remark that the name of the
animal was Florence, as we were preparing to report the experiment at the biannual
meeting of the International Society of Craniofacial Surgeons to be held in Florence
in 1988. Tessier always spoke about his recognition of the impact of this new tech-
nique when he met “the patient Florence in New York.” He also wrote a gracious
preface to the first edition of this book in 1999 [11].

At the New York University Medical Center in 1994, we hosted the first ever
conference on craniofacial distraction, and it was heartwarming to greet my col-
leagues from around the world who reported on their experience. We all learned a
great deal from each other at this conference. It was the first of many worldwide
stimulating craniofacial distraction conferences over the next two decades.

After success with mandibular distraction in the laboratory and clinical setting,
the next logical step was to apply the technique to other components of the cranio-
facial skeleton. Along with other groups around the world, we were one of the first
to demonstrate successful midface distraction osteogenesis in a canine model [12],
and we also developed a model for multidimensional distraction of the canine
zygoma [13]. This was later followed by laboratory demonstration of transport dis-
traction in the rabbit calvaria [14]. The combined laboratory studies confirmed that
all components of the craniofacial skeleton were amenable to successful
distraction.

The development of midface or subcranial Le Fort III distraction had an enor-
mous impact. Buried and external (halo) devices were developed, but we preferred
the latter. The experience in midface distraction showed that it was safer in the
younger child as manifest by reduced operating times and reduced hospital stays.
The technique also allowed greater advancement or overcorrection in the growing
child. Moreover, in monobloc distraction, the infection problem, previously associ-
ated with acute monobloc advancement and the resulting retrofrontal dead space,
had been significantly reduced.

Our team also had other associated midface distraction projects including a
canine model demonstrating an endoscopic Le Fort III osteotomy [15]. In a serial
CT clinical study, we demonstrated the sites of bone deposition following midface
distraction [16]. For example, more bone was generated when the osteotomy was
made through the body of the zygoma rather than the thinner arch.

As our clinical experience with mandibular distraction progressed, we initiated a
combined laboratory and clinical study of multiplanar distraction or “molding of the
generate.” We reported a three-part series of papers: (1) Development of Multiplanar
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Device [17], (2) Laboratory Study of Sagittal and Vertical Movements [18], and (3)
Sagittal and Horizontal Movements [19]. This was followed by a report of our clinical
experience with multiplanar mandibular distraction or molding of the generate [20].

Long-term clinical research of distraction osteogenesis continued under
Dr. Grayson’s leadership with follow-up of patients who had undergone mandibular
distraction to document the presence or absence of mandibular growth on the opera-
tive and nonoperative sides. These studies confirmed that in the growing child, there
was growth on the operative side, albeit at a slower rate than the contralateral side
[21, 22]. Long-term studies extending well into completion of craniofacial growth
documented that there were two groups of patients: one which achieved satisfactory
craniofacial form without additional surgery and another group that would require
two-jaw surgery [23].

In our continuing clinical study, the NYU team further refined surgical planning
by introducing the concept of the vector of mandibular distraction and outlining
three vectors (vertical, oblique, and horizontal) based on the relationship of the
distraction device to the maxillary occlusal plane [24]. In this way, it was demon-
strated that surgeons can work with the orthodontists preoperatively in planning a
mandibular distraction, whether bilateral [25] or unilateral [26], just as one would
also plan traditional orthognathic surgery.

Our team at NYU was also able to conduct long-term clinical studies following
the course of patients who underwent midface distraction. Dr. Pradip Shetye, an
orthodontist working with Dr. Grayson, compared three groups of midface advance-
ment patients followed over three decades: (1) acute Le Fort III advancement with
intermaxillary fixation and wire fixation and bone grafts, (2) another group with
acute advancement but with rigid skeletal fixation, and (3) the group with midface
distraction [27]. Comparison of the three groups showed that with midface distrac-
tion, a much greater advancement could be obtained at orbitale and point A; the
length of the operation and hospital stay were greatly reduced, as was the complica-
tion rate. In addition, a subsequent study showed the associated change in soft tissue
contour in relation to the change in skeletal advancement [28]. Subsequent midterm
follow-up studies [29] were extended to 5 years [30]. Another study documented the
quantitative increase in airway volume [31].

A significant advance was the development of a rigid occlusal platform to pre-
vent posterior descent of the Le Fort III segment [32] and to plan control and vector
of the distracted midface segment [33].

Simultaneous with the clinical research, a team of laboratory researchers was
developed to study the role of extracellular matrix proteins and the biomolecular
mechanisms in the distraction zone in smaller animal models. We were particularly
interested in developing methods of accelerating the activation phase and reducing
the length of the consolidation phase in mandibular distraction. This resulted in a
three-part publication. In part one, the rat mandibular distraction model was out-
lined along with histologic and radiographic analysis [34]. In the second report,
there was a molecular analysis of TGF Beta-1 and osteocalcin gene [35]. It was
demonstrated, for example, at what times in the biology of the distraction process
VEGEF, TGFB, and osteocalcin were uploaded. In another report, a device was out-
lined to deliver bioactive agents to the bone during distraction osteogenesis [36].
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After all of the studies, I became convinced that Ilizarov had worked on the
wrong bones of the human skeleton! In reality the bones of the craniofacial skeleton
were much more amenable to distraction. They were thinner (membranous) and had
a better blood supply. Moreover, they were capable of multidimensional molding
and tolerated wider subperiosteal dissection for ease of device application, and we
could also employ a faster activation rate than could Ilizarov. Finally, the accessibil-
ity of the teeth and cephalograms facilitated the study of the dynamic changes
occurring during and after the distraction process.

As this book is being published, one must look to the future. I have no doubt that
there will be substantial improvements in the distraction technique in the future. The
goal remains to reduce the length of treatment by accelerating the activation rate and
shortening the period of consolidation. Ideally, one hopes for a “spot weld” of the
newly generated bone. I think in the future endoscopic techniques and miniaturized
devices will be developed to reduce the extent of surgical exposure and make the
surgical procedure less invasive. Resorbable distraction devices may preclude the
need for a second surgical procedure; however, rigid fixation is an absolute require-
ment during the activation and consolidation phases. In the infant, there may be
successful osteotomy-free distraction across suture sites. Distraction procedures in
the future may become multidimensionally more complex, not unlike contemporary
two-jaw surgery. There could be simultaneous multisegment distraction, including
the midface and mandible with multivector plans combined. It could be entitled
“combined orthognathic distraction.”

As a prelude to the future, our research team reported several promising stud-
ies of gene therapy manipulation of the distraction zone [37]. A mandibular
osteotomy was made and VEGF adenovirus injected in the distraction zone,
and, after 10 days of activation, the BMP-2 adenovirus was injected. The studies
showed earlier ossification in the gene-manipulated animal group as compared
to the control group. This finding portends a future of shorter consolidation
periods. There is also the potential of using adult stem cells (endothelial pro-
genitor cells) to augment blood vessel formation and to transport to the distrac-
tion zone mesenchymal stem cells to promote more rapid bone generation [38].
In so many ways, craniofacial distraction osteogenesis represents the union of
plastic surgery and tissue engineering. The opportunities for research and clini-
cal innovation are endless.

The Biomedical Research of Today Is the Clinical Medicine
of Tomorrow. Without It the Clinical Medicine of Tomorrow
Will Be the Clinical Medicine of Today

James C. Thompson

In closing, I want to emphasize that by choice my summary is deliberately personal
and relates the contributions to the emerging field of craniofacial distraction by our
clinical and research teams at New York University. I thank them and I salute them.
I must also acknowledge the significant contributions by similar teams around the
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world. Their work has contributed greatly to progress in the field and I have learned
so much from my colleagues who have challenged and inspired me. Their contribu-
tions are documented in the bibliographies at the conclusion of the individual chap-
ters of this book.

I am honored and grateful that several colleagues have authored chapters with
subjects in which they have demonstrated unique expertise. It has been especially
heartwarming for me to watch other workers in the craniofacial surgical world adopt
the technique of distraction osteogenesis for addressing unresolved problems in cra-
niofacial surgery, a discipline celebrating its fiftieth anniversary at the time of the
publication of this book.

Glossary

Activation phase Often erroneously termed “distraction,” the period of active
device lengthening during distraction osteogenesis.

Appendicular skeleton Comprised of bones of the four limbs, pectoral girdle, and
pelvic girdle.

Axial skeleton Comprised of bones of the face, skull, chest wall, and vertebrae.

Bifocal distraction Distraction osteogenesis to fill a central bony defect, by dis-
tracting one flanking transport segment toward the center. One osteotomy is made.

Consolidation phase The period following activation, during which the bony gen-
erate undergoes remodeling.

Distraction device Hardware that facilitates movement of bones during distrac-
tion. May be categorized as internal or external, based upon relation to soft tissue
surrounding the bone. Not to be referred to as “distractor.”

Distraction osteogenesis The generation of bone between vascularized bone sur-
faces which are separated by gradual distraction.

Endochondral bone Bone that forms via a cartilaginous intermediate.

Fibrous interzone (FIZ) Within the distraction gap, a physis-like organization of
osteogenic cells.

Intramembranous bone Bone that forms directly from mesenchymal precursor
cells, without a cartilaginous intermediate.

Latency phase The time following the osteotomy when initial fracture healing
bridges the cut bone surfaces prior to initiating activation.

Molding of the generate Closed reduction maneuver of the generate, performed
prior to or during the consolidation phase. Usually accomplished by manipula-
tion of the distraction device or the application of interdental wire-rubber forces.
Typically performed to improve the dental relationship following mandibular
distraction.

Primary mineralization front (PMF) Within the distraction gap, a dense
line of proliferating osteoblasts flanking the FIZ, that is actively undergoing
mineralization.

Rate The number of millimeters per day at which bone surfaces are distracted.
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Rhythm The number of device activations per day, usually in equally divided
increments to total the rate.

Trans-osteotomy Refers to distraction osteogenesis performed across an
osteotomy site.

Trans-sutural Refers to distraction osteogenesis performed across an interosseous
suture, without an osteotomy.

Transchondroid bone A histologic finding exclusive to the distraction gap, marked
by chondrocyte-appearing cells but without cartilage formation.

Transport distraction The generation of intercalary bone.

Transport segment The segment(s) of bone actively distracted during bifocal or
trifocal transport distraction osteogenesis.

Trifocal distraction Distraction osteogenesis to fill a central bony defect, by dis-
tracting flanking transport segments toward the center. Involves two osteotomies.

Unifocal distraction Distraction osteogenesis to achieve simple bone lengthening,
using a single osteotomy.

Vector The trajectory of applied distractive forces. With respect to the mandible,
for example, often characterized as horizontal, vertical, or oblique.

Zone of microcolumn formation (MCF) Columns of ossifying bone forming
within the distraction gap, surrounding the blood vessels that extend to the PMF.
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Distraction Osteogenesis: Biologic
and Biomechanical Principles

Christopher M. Runyan, Roberto L. Flores,
and Joseph G. McCarthy

2.1 A Brief History

Distraction osteogenesis (DO) is a bone-regenerative process in which an osteot-
omy is followed by gradual distraction of the surrounding vascularized bone seg-
ments, with formation of new bone within the distraction gap. This process was first
described by Alessandro Codivilla at the turn of the twentieth century [1, 2].
Codivilla demonstrated the ability to lengthen the chronically deformed femur or
tibia 3-8 cm following an oblique osteotomy. He did this by applying a 25-30 kg
distractive force across a full extremity plaster cast, which was serially and circum-
ferentially cut near the level of deformity. Application of traction occurred only at
the time of cast adjustment, causing a gap to form, which was then filled with addi-
tional plaster. This frequently resulted in pressure necrosis due to rubbing of the cast
against the soft tissues of the leg.

Early limb lengthening attempts were met with complication and poor predict-
ability and thus were not generally accepted before the work of Gavriil Ilizarov in
the 1950s and 1960s. An orthopedist in Russia, Ilizarov conducted a series of exper-
iments using the canine tibia to optimize distraction osteogenesis using a multi-pin
circumferential external fixator. His advances included determination of optimal pin
stability within the fixator, minimization of soft tissue disruption including perios-
teum preservation to maintain blood supply, demonstration of feasibility of corti-
cotomies rather than osteotomies, determination of ideal latency and activation
periods, and a rigorous histologic assessment of the distraction site, including
description of the neo-physis [3, 4]. Ilizarov applied his findings to limb lengthening
operations in over 15,000 patients, but his clinical work was unknown to the Western
world until 1980. That year he operated on the Italian explorer, Carlo Mauri, who
had a 10-year-old tibial deformity from a skiing accident deemed uncorrectable.
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Calibration”

Bone Lengthening Device

Fig. 2.1 (a) Canine with NYU extraoral distraction device. (b) Drawing of NYU canine model
with osteotomy site and extraoral distraction device

Ilizarov corrected this deformity and pseudoarthrosis using his technique, and upon
Mauri’s return, Ilizarov was promptly invited to present his work at a conference in
Bellagio in 1981. This was the first time Ilizarov spoke outside the Iron Curtain. His
technique then spread rapidly throughout Europe and to the US by the late 1980s.

Within the craniofacial skeleton, distraction osteogenesis was first attempted
experimentally in 1972 by Snyder [5]. His group surgically shortened one side of a
canine mandible and then corrected the resultant crossbite using an external screw-
driven distractor device. It was, however, the work of McCarthy and his colleagues
at New York University who conducted a series of canine experiments [6, 7]
(Fig. 2.1) that resulted in the first human application in 1989, when the mandibular
body and ramus were lengthened in four young patients with congenital microgna-
thia [8]. This report ushered in the era of craniofacial distraction osteogenesis.
Subsequent experiments in animal models further demonstrated the utility of dis-
traction osteogenesis for lengthening or expanding the midface [9, 10], zygoma/glat
[11], and cranial vault [12, 13]. Based on these studies and others, the use of distrac-
tion has since expanded to treat a wide range of congenital anomalies and acquired
deformities throughout the craniofacial skeleton.

2.2 Classification of Distraction Osteogenesis

Distraction osteogenesis may be classified based on treatment goal, type of dis-
traction device, anatomic location, or operative approach. When considering the
goals of treatment, there are three modalities: (1) pure lengthening procedures, (2)
bone segment transportation for correction of defects without lengthening, (3) and
corrective distraction osteotomies. Bone lengthening is the most common appli-
cation and requires a single osteotomy or corticotomy followed by application of
distractive forces (Fig. 2.2, top panel). Bone transport osteogenesis is used to fill
bony defects by advancing adjacent bone or “transport segment” into the gap. One
or two transportation segments may be used, depending upon defect size and
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Fig. 2.2 Modalities of
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surgeon preference (Fig. 2.2, middle and bottom panels). Corrective distraction
osteotomies combine bone lengthening with additional movements to correct
shortened limbs with varus/valgus or rotational deformities. Both lengthening
procedures and bone segment transport modalities are used within the craniofacial
skeleton.

Distraction osteogenesis devices may also be classified as either external or
internal. Both classic limb lengthening and early mandible distraction utilized
external distraction devices. These devices generally have threaded drive shafts,
which interface with the osteotomized bone by pin fixation. More recently internal
devices have gained in popularity for use in craniofacial applications, particularly
for the mandible and cranial vault. These are typically directly applied to the bone
via screw fixation in a subperiosteal plane. Internal devices have the advantage of
increased rigidity and absence of cumbersome external hardware, but may decrease
bone blood supply, as they require greater periosteal dissection and require a sepa-
rate procedure for device removal. Internal distraction for limb lengthening is now
possible using periosteum-sparing telescoping intramedullary nails [14].

Anatomic location is another means of classifying distraction osteogenesis.
Within the appendicular skeleton, the procedure is most commonly described within
the long bones of the lower extremity (Table 2.1). Within the craniofacial skeleton,
distraction osteogenesis was initially applied to the mandible; however, its use has
increasing popularity within the maxilla (particularly the alveolus), the midface,
and the cranial vault.

A final classification consideration is whether a trans-sutural (closed) or trans-
osteotomy (open) operative approach is used. It is arguable whether closed approaches
actually constitute distraction osteogenesis, as no osteotomies are performed; how-
ever, they do utilize an activation and consolidation period. A closed approach within
the appendicular skeleton is called “distraction epiphysiolysis.” This utilizes an exter-
nal ring distractor to apply tension across an open growth plate, with external pins
placed across the epiphysis and metaphysis. Its use is associated with risk of damage
to the growth plate resulting in growth reduction [15] and therefore is often reserved



14 C.M.Runyan et al.

Table 2.1 Relative popularity of anatomic sites of distraction osteogenesis, based on the number
of references obtained from a PubMed query (01/2016) using the search terms “distraction osteo-
genesis” and the “operative sites/indications”

Appendicular skeleton Craniofacial skeleton

Search term # References Search term # References
Tibia 558 Mandible 1529

Femur 243 Maxilla 742

Radius 74 Alveolus 588
Metatarsal 58 Palate 476
Metacarpal 39 LeFort 420
Humerus 32 Craniosynostosis 287

Pelvis 9 Monobloc 80

for adolescents nearing closure of the growth plates. The membranous bones of the
craniofacial skeleton lack growth plates, but during childhood individual bones may
be distracted across interosteal suture lines. Palatal expansion is a well-known exam-
ple of this trans-sutural approach. Recent studies suggest this approach may also be
applied to the maxilla for midface advancement [16—18]. Without an osteotomy there
is limited control of the bone using this method, and its value will require a future
assessment of relapse and long-term outcomes.

2.3 Phases of Distraction Osteogenesis

Distraction osteogenesis may be divided into three dynamic or temporal phases:
latency, activation, and consolidation. The period of delay following the osteotomy
and prior to activation of the distraction device is known as the latency period. Short
latency periods are generally associated with decreased volume of callus and inad-
equate osteogenesis, whereas long latency periods may lead to premature consoli-
dation [4]. However, latency duration for the craniofacial skeleton (0—4 days) is by
necessity much shorter than that for the appendicular skeleton (5-10 days), because
of more rapid bone healing of the thin, membranous bones. Also, the majority of
craniofacial distraction is performed in children, whose skeleton is actively grow-
ing, and who heal facial fracture rapidly at baseline. Some have even advocated for
eliminating the latency phase in craniofacial applications. Slack et al. found that,
although there are decreases in osteogenic activity at the cellular and molecular
level when latency is eliminated, clinically there is no difference in the distracted
mandible receiving a 48 h latency versus no latency period [19]. Other human [20]
and animal models of mandibular distraction [21, 22] similarly found no clinical
difference when the latency period was eliminated. Given these data and our clinical
experience, a determination of appropriate latency period in craniofacial applica-
tions should be optimized to avoid premature consolidation. In neonates the latency
period can be reduced to 1 day.

The activation phase follows latency. Its duration is determined by the clinical
goal for bone production. Two variables during activation are the rate (or
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distance) the device is advanced each day and the rhythm (or frequency) of
device activation. In his canine tibial distraction model, Ilizarov found that an
activation rate of 0.5 mm/day frequently resulted in premature consolidation, but
2.0 mm/day may result in nonunion [4]. McCarthy and the NYU group also
reported that 1.0 mm/day had the best outcomes and that increased frequency of
device activation resulted in fewer complications [23, 24]. From this many have
cited a rate of 1.0 mm/day as the optimal rate for craniofacial device activation
[21, 25, 26]. Mathematical [27] and computational [28] models seem to support
this clinical finding. However, as with latency, neonates or young children with
high healing proclivity may require faster distraction rates, up to 2.0 mm/day, to
avoid premature consolidation [20].

Distraction rhythm refers to the frequency of activation. Using his canine tibial
model, Ilizarov found increased quality and quantity in bone formed by distraction
osteogenesis, when activating the distractor 60 times per day compared to only once
per day, although both received a total of 1 mm advancement [4]. Histochemical
analysis shows increased expression of osteoblastic markers (alkaline phosphatase
and adenosine triphosphatase) in the tissues distracted with greater frequency [4]. A
direct comparison between continuous and discontinuous distraction protocols fur-
ther demonstrated improved vascularization and more rapid bone formation in the
continuously activated protocol [29]. These findings have led to development of
automated continuous distraction devices currently in preclinical testing stages
[30]. It is important to note that the rhythm of distraction is not as important as the
rate, and a thythm of twice a day has become the accepted clinical model.

Following activation, the consolidation phase ensues during which time miner-
alization of the new osteoid matrix occurs. For membranous bones and prior to
consolidation, it is possible to manipulate the distracted segment, a maneuver
known as “molding the regenerate.” Reports of this maneuver are largely limited to
small case series, which demonstrate that in certain instances it may serve as a use-
ful added step in the distraction protocol to help optimize the generated bone posi-
tion, particularly to improve dental relationships [31-33]. Compared to the other
stages of distraction osteogenesis, little research or controversy surrounds the length
of this phase, and yet, this is the longest phase, especially for the patient. Upon
completion of activation, the devices are kept in place until radiographic evidence
of mineralization is present. In the craniofacial skeleton, the accepted period is at
least twice the length of the activation phase, or approximately 8 weeks [34-36].
Inadequate time allowed for consolidation may lead to greater relapse of the
regenerate.

24 Biology of Bone Formation, Fracture Healing,
and Distraction Osteogenesis

Clinical use of distraction osteogenesis is essentially a form of bone tissue engineer-
ing. Tissue engineering requires three primary components: a progenitor or stem
cell to produce the desired tissue, growth factors to provide the necessary inductive
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signals to the progenitor cells, and a scaffold to guide appropriate three-dimensional
configuration of the growing tissue. During distraction osteogenesis the bone-
anchored distraction device provides the rigidity and necessary space that would
normally be provided by a scaffold. Progenitor cells and growth factors are conve-
niently provided by the niche surrounding the distraction site. To the reconstructive
surgeon hoping to generate new, vascularized bone, however, these cellular and
molecular interactions may be a black box. Bone is unique among all tissues in the
body, as it is the only tissue to heal or regenerate without scar formation and to
regain its full premorbid strength and function. The complex molecular interactions
of healing bone reflect how they formed during development [37, 38]. An under-
standing of the molecular biology and physiology of bone formation and fracture
healing will provide insights into how bone is produced during distraction
osteogenesis.

2.4.1 Pathways of Bone Development

During embryonic development, bone forms by one of two pathways: endochondral
or intramembranous ossification (reviewed in [39]). The former requires a cartilagi-
nous intermediate and is responsible for formation of the entire appendicular (limbs
and pelvis) and much of the axial skeleton, including the ribs, scapulae, and skull
base. Endochondral bone forms either from paraxial mesoderm (axial skeleton) or
from lateral plate mesoderm, which contributes to the limb buds (appendicular skel-
eton). Intramembranous ossification does not involve a cartilaginous intermediate
but instead relies on direct differentiation of mesenchymal precursor or neural crest
cells into osteoblasts. It is the mechanism for development of most of the craniofa-
cial skeleton. Intramembranous bones within the craniofacial skeleton (Fig. 2.3) are
derived either from neural crest cells for the more cephalad structures and facial
bones or from paraxial mesoderm for the more caudal structures and skull base [41].
Some of the caudal-most bones of the skull (occipital, ethmoid, petrous portion of
the temporal, and portions of the sphenoid bones) develop by endochondral
ossification.

Endochondral and intramembranous bone are first identified as clusters of undif-
ferentiated cells known as mesenchymal condensations, which through an unknown
mechanism coalesce in the areas of future skeletal development [39, 42]. Neural
crest cells are derived from neuroectoderm of the developing neural tube, but
undergo an epithelial-to-mesenchymal transition followed by delamination and
ventral migration into craniofacial structures within the developing embryo. As
with mesoderm-derived cells within mesenchymal condensations, neural crest cells
similarly may lead to bone production via either intramembranous or endochondral
ossification [43, 44], although the craniofacial skeleton is predominately formed
from neural crest cells via intramembranous ossification (Fig. 2.4). The progression
and differentiation of these cells are guided by signaling pathways, many of which
are also relevant for fracture healing.
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Fig.2.3 Derivation of bones
of the calvarium (adapted
from [40], Craniofacial
Embryogenetics and
Development). (a, b) Two
views of the human
craniofacial skeleton,
including (a) frontal and (b)
lateral depicting both the cell
source and the mechanism of
bone formation. Blue—
intramembranous ossification.
Yellow—endochondral
ossification. Green—both
intramembranous and
endochondral ossification.
Dotted—neural crest cell
derived. Diagonal lines—
paraxial mesoderm derived.
Crosshatched—Dboth neural
crest and paraxial mesoderm
derived. Eth ethmoid,

Fro frontal, Lac lacrimal,
Man mandible, Max maxilla,
Nas nasal, Occ occipital,

Par parietal, Sph sphenoid,
Tem temporal, Vom vomer,
Zyg zygoma
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Fig. 2.4 Relative Neural crest cells
contributions of neural

crest cells and paraxial

mesoderm cells to the two

types of bone within the

craniofacial skeleton

Intramembranous Endochondral
ossification ossification

Mesenchymal
(mesoderm) cells

Figure 2.5 depicts the possible fates of cells within the mesenchymal condensa-
tions. In the craniofacial skeleton, these cells may undergo intramembranous ossifi-
cation, producing bone directly without a cartilaginous intermediate. In the
remainder of the axial and appendicular skeleton, mesenchymal precursor cells give
rise to an intermediate tissue, the immature cartilage. From immature cartilage two
additional types of cartilage may develop: persistent and replacement cartilages.
Persistent cartilage remains relatively avascular and eventually forms the cartilages
of the nose, ear, intervertebral discs, and ribs. In contrast, replacement cartilage
undergoes chondrocyte hypertrophy and vascularization allowing progression to
endochondral ossification. During this process, chondrocytes enter a tightly con-
trolled program of proliferation, pre-hypertrophy, hypertrophy, apoptosis, and
replacement by osteoblasts [45].

Many of the signal transduction pathways regulating the progression of mesen-
chymal condensations to bone and cartilage are understood and are recapitulated in
fracture healing. The pro-osteogenic factor runt-related transcription factor 2
(Runx?2) is expressed among both pre-osteoblasts in mesenchymal condensations
and later in immature cartilage [46]. Mice deficient in both alleles of Runx2 form no
bone demonstrating its requirement for both intramembranous and endochondral
bone formation [47—49]. Further, a mutation in one copy of Runx2 in humans leads
to cleidocranial dysplasia which is marked by hypoplastic clavicles, supernumerary
teeth, enlarged fontanelles, and eventual osteoporosis [48]. A similarly important
pro-chondrogenic transcription factor, Sox9 [SRY (sex-determining region
Y)-related HMG box gene 9], is essential for cartilage development. The absence of
Sox9 in mice results in a complete absence of cartilage formation [50-52], and
partial loss in humans leads to campomelic dysplasia [53-55], which is marked by
craniofacial defects, bowing, and angulation of the long bones, and tracheobron-
chial hypoplasia which frequently leads to perinatal respiratory distress and lethal-
ity. Together Runx2 and Sox9 are master regulatory transcription factors for
osteogenic and chondrogenic specification, respectively.

Sox9 promotes expression of essential cartilage-related collagen genes including
Coll II [56], Coll IX [57], and Coll XI [58], which together help generate an
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Fig.2.5 Pathways for bone formation. Modified from Eames and Helms [37]

extracellular collagen matrix. Within immature cartilage chondrocytes rapidly
divide and remain undifferentiated. Key factors in stimulating chondrocyte prolif-
eration and Sox9 activity are bone morphogenetic proteins 2 (BMP-2) and BMP-4
[43]. This is perhaps counterintuitive because exogenous BMP-2 is clinically uti-
lized as a powerful morphogen for bone formation. In contrast the transition of
immature to replacement cartilage involves chondrocyte maturation through dis-
tinct pre-hypertrophic and hypertrophic stages, as well as vascular invasion and
activation of bone markers. This requires additional signaling pathways, the most
important of which is Hedgehog (reviewed in [59]).

The Hedgehog (Hg) gene is evolutionarily conserved, and mammalian homo-
logues include Sonic (Shh), Desert (Dhh), and Indian (Ihh) hedgehogs. It is
expressed by pre-hypertrophic chondrocytes within replacement cartilage and
accelerates their hypertrophy and promotes osteoblast differentiation. Thh does this
by activating Runx2, which then activates Osterix (Osx) [60]; without either of
these transcription factors, no bone can form. Ihh also decreases BMP-2 activity,
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which leads to downregulation of Sox5, Sox6, S0x9, and Coll II [61]. Recent exper-
iments performed in a bone organ culture system demonstrated that although BMP-2
has potent pro-osteoblast properties, Hh signaling is required; without the presence
of Hh activity, BMP-2 promotes ectopic chondrogenesis within the perichondrium
[62]. Ihh also stimulates expression of the hypertrophic cartilage marker, type-X
collagen. Perhaps the best understood Ihh-mediated pathway in developing bone is
that of parathyroid hormone-related peptide (PTHrP). Within growth plates of
endochondral bone, Thh and PTHrP participate in a feedback loop, regulating the
rate of chondrocyte proliferation and differentiation into pre-hypertrophic and
hypertrophic chondrocytes.

Development of calvarial bones by intramembranous ossification occurs as pre-
sumptive bone cells proliferate and migrate outward from mesenchymal condensa-
tions [63]. Instead of growth plates, intramembranous bone relies upon ossification
centers that add bone in a radial fashion. Many of the pro-osteogenic molecular
pathways essential for endochondral bone formation are essential for intramem-
branous bone formation, including Runx2, Wnt, Ihh, and BMP. A lack of BMP
signaling within the cranial mesenchymal condensations is permissive for osteo-
blast formation, whereas at later stages BMP signaling is essential for neural crest-
derived calvarial bone formation [41, 43]. Thh also has an important role; it is
expressed at the leading edge of growing cranial bones, promoting bone formation
by BMP-2- and BMP-4-mediated direct osteogenic differentiation rather than pro-
liferation [64]. Its loss results in significantly decreased calvarial bone formation
[43]. Deletion of repressors of Hh signaling (Gli3 and Rab23) results in high Hh
activity with associated increased ossification of calvarial bones and craniosynos-
tosis [65, 66]. Runx2 is expressed within calvarial osteoblasts during the process
and promotes osteogenesis. Loss of one allele of Runx2 is associated with delayed
suture closure and persistent fontanels [67]. The pro-osteogenic effects of Runx2 in
intramembranous bone are mediated through Wnt signaling. Activation of the Wnt
pathway promotes specification of the osteogenic lineage and represses the chon-
drogenic lineage within calvarial mesenchyme [41]. TGF-f signaling is also
important as it promotes calvarial osteocyte proliferation. Nearly all studies of
intramembranous bone development examine the frontal or parietal bones, and
relatively little is understood of the process within intramembranous bones of the
facial skeleton [68].

2.4.2 Pathways of Appendicular Bone Fracture Healing

Fractures of bones of the appendicular skeleton heal by both intramembranous and
endochondral ossification. Endochondral bone formation predominates, occurring
outside the periosteum in mechanically unstable regions and immediately adjacent
to the fracture site. Intramembranous bone formation occurs subperiosteally at the
proximal and distal edges of the callus and forms hard callus [69]. Bridging of the
hard callus across the fracture gap provides initial stabilization and leads to restora-
tion of biomechanical function [70]. As endochondral ossification is the mechanism
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of bone formation in the appendicular skeleton, it is also the mechanism primarily
responsible for appendicular skeletal repair.

Four overlapping phases of fracture healing may be evident histologically
(reviewed in [71]):

1) Immediate inflammatory response. This occurs over the initial 24-48 h post frac-
ture and is marked by hematoma formation, hemostasis, inflammation, and
recruitment of mesenchymal stem cells (MSCs).

2) Cartilage formation with early endochondral ossification and periosteal
response. During this period mesenchymal stem cells differentiate into chondro-
cytes, which then produce a cartilaginous callus rich in collagen and proteogly-
cans [72, 73]. The soft, cartilaginous callus grows inversely proportional to the
stability of the fracture and does so asymmetrically within the fracture. For
example, femur fractures produce larger distal calluses and tibial fractures and
larger proximal calluses, suggesting a recapitulation of bone development with
the calluses forming nearest the growth plates [70, 74]. The soft callus growth
peaks between 7 and 9 days following the fracture [73]. The periosteal response
results in early intramembranous ossification and is associated with cell prolif-
eration and early vascular ingrowth and neo-angiogenesis.

3) Cartilage resorption and primary bone formation. During this phase chondro-
cytes proliferate, mature, become hypertrophic, and increase synthesis of colla-
gen, which accumulates within the extracellular matrix. As the chondrocytes
then begin to undergo apoptosis, additional mesenchymal progenitor cells are
recruited and differentiate into osteoblasts. This leads to callus mineralization,
as osteoblasts use the soft callus as a template to deposit woven bone in place of
the mineralized cartilage. This is initially manifest as a thin shell of bone around
the periphery of the callus. Neo-angiogenesis also continues during this phase.

4) Secondary bone formation and remodeling. During this final phase, the bony
callus grows and is reshaped by osteoclastic resorption and osteoblastic bone
formation, resulting in regeneration of the original cortical and trabecular
arrangement with a marrow-containing medullary cavity.

The molecular physiology of these four phases of fracture healing is well under-
stood and shares many molecular similarities with endochondral bone development.
A comprehensive description of these factors is beyond the scope of this chapter;
however, an updated, concise summary is presented in Table 2.2. Of the many cyto-
kines and growth factors involved, three groups have complex, well-defined over-
lapping roles during the four stages of bone healing: pro-inflammatory cytokines,
TGF-p superfamily members (including the BMPs), and angiogenic factors. A
number of other pathways are implicated in the healing process as their loss results
in significant perturbations in the ability to heal, although their specific roles in the
four phases of bone healing are not well defined. These include the Hedgehog [85]
and Wnt signaling pathways ([86—88]; Minear 2010).

In the absence of rigid fixation, fracture healing of the appendicular skeleton
occurs through formation of a cartilage scaffold, which is gradually replaced with
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Table 2.2 Molecular pathway activation during endochondral bone fracture healing (adapted

from [71])

Stage of fracture
repair
Inflammation

Cartilage formation

Primary bone
formation

Secondary bone
formation

Biologic process
Hematoma

Inflammation and
recruitment of
progenitor cells

Collagen deposition

Chondrogenesis and
endochondral
ossification

Vascular ingrowth

Chondrocyte apoptosis
and cartilage resorption

Changes in collagen
expression

Mesenchymal cell
differentiation to
osteoblasts

Osteoblast recruitment
and maturation
Neo-angiogenesis

Bone remodeling

Signaling molecule activation and proposed
functions

IL-1, IL-6, and TNF-a release by circulating
granulocytes and lymphocytes recruits
inflammatory cells, enhances extracellular matrix
synthesis, and stimulates angiogenesis [75]
TGF-f, PDGF, and BMP-2 expression promote
extracellular matrix formation and initial callus
formation ([76], [77]). MMP-9 regulates the
distribution of inflammatory cells [78]
Collagens type II and type III accumulate
shortly after inflammation, produced by
chondrocytes in the cartilaginous callus and
periosteal osteoblasts

TGF-p2 and TGF-B3 stimulate chondrogenesis,
corresponding with collagen type II synthesis
[79]. BMP-2 promotes chondrocyte
differentiation [80]. PTH also promotes
cartilaginous and bony callus formation, whereas
OPG prevents chondroclastogenesis by
inhibiting RANKL

MMP-9 promotes vascular invasion of
hypertrophic cartilage, by promoting VEGF
bioavailability [81]. VEGF directly stimulates
angiogenesis and is maximally expressed when
resorption is initiated [71]

TNF-a stimulates mineralized chondrocyte
apoptosis and cartilage resorption and helps
recruit osteoprogenitor cells ([70, 82]; [83]).
RANKL activity increases while OPG decreases,
stimulating chondroclastogenesis

Collagens type II and type III are removed as
cartilage callus resorbs. Collagen type I
accumulates as bony trabeculae develop.
Collagen type X expression by hypertrophic
chondrocytes provides a template for bone
formation

Stimulated by BMP-2, BMP-6, and BMP-9 [84]

Stimulated by BMP-3, BMP-4, BMP-7, and
BMP-8 ([79], [84])

VEGF and PDGF expression continue to
promote angiogenesis

TNF-a, IL-1, and RANKL activity promote bone
remodeling by osteoclast remodeling of woven
bone for lamellar bone formation
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bone. This healing closely resembles the steps of embryonic endochondral ossifica-
tion [38]. Mesenchymal precursors coalesce in the shape and location of the bone to
be formed both for endochondral ossification and fracture healing. Both processes
also involve mesenchymal cell proliferation and differentiation and hypertrophy
along a cartilaginous or osteogenic pathway. An obvious difference between the
processes is the presence of the inflammatory step in fracture healing that facilitates
recruitment of the mesenchymal stem cells. However, once these cells are present,
some of the same signaling pathways are involved including IThh, VEGF, and MMP
[38]. It is perhaps the preservation of many of these embryonic pathways that allow
fractured bone to avoid forming scar, but to heal through a truly regenerative
process.

2.4.3 Pathways of Craniofacial Skeletal Fracture Healing

An early rabbit mandible fracture model demonstrated that in the absence of rigid
fixation, mandible fracture healing has some histologic similarities with long bone
fractures [89]. Within 2 weeks of fracture, a large subperiosteal callus develops
containing chondroid and immature osteoid. Within the subsequent 2 weeks, this
callus is gradually replaced with trabecular bone and is completely bridged with
new neovascular channels and Haversian systems. Paccione et al. similarly observed
in their mouse mandible fracture model that the sequential presence of islands of
rudimentary cartilage matrix formation, vascular ingrowth, osteoblast activation,
mineralization, and lamellar bone formation resembled secondary bone endochon-
dral bone healing [90]. They suggest that the contribution of a cartilage intermediate
in their mandible fracture model (and that of others) was simply due to bony insta-
bility. Indeed the presence of instability in long bone fractures results in increased
motion at the fracture site, which promotes cartilaginous callus formation during
the primary bone healing phase.

Rigorous animal studies have not been performed to examine the histologic and
molecular changes of facial bone fractures treated with rigid fixation. There are a
number of reasons for this. The small size of rodent facial bones precludes plate
fixation. Microplates were not available when bone healing studies were commonly
performed. The lack of a straight marrow cavity precludes the use of intramedullary
stabilization. Despite this, clinical experience provides overwhelming evidence that
bones that develop by intramembranous ossification heal by the same mechanisms,
and generally not through a cartilaginous intermediate. Skull fractures illustrate this
principle. The scalp provides a tight soft tissue envelope to promote calvarial frac-
ture reduction, while the convexity of the calvarium forms a sturdy keystone arch,
which provides natural rigid fixation. Most of the bones of the facial skeleton simi-
larly have a stabilizing periosteum and soft tissue envelope and are not subject to
repeated forces. In contrast the mandible is subject to cyclic mechanical loading
associated with mastication. However, with immobilization or rigid load-bearing or
load-sharing fixation, the mandible heals by direct ossification.
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Hasegawa et al. [91] provide experimental evidence opposing a role for chondro-
genesis in membranous bone healing. They initially identified multipotent mesen-
chymal progenitor cells within fracture hematomas of long bones and demonstrated
their ability to differentiate into osteocytes, adipocytes, and chondrocytes in vitro
[92]. They subsequently cultured human mandible fracture hematoma cells and
found that although these cells had a similar mesenchymal cell surface expression
profile and had good osteogenic and adipogenic potential, they had a significantly
reduced ability to differentiate into chondrocytes when compared to progenitors
isolated from long bone fracture hematomas.

Compared with long bone fractures, our knowledge of the molecular physiology
of healing craniofacial fractures is extremely sparse. Experiments in a rat model
of mandible fracture healing implicate TGF-f superfamily members, including
TGF-p1, BMP-2, BMP-4, and BMP-7, in osteoblast migration, differentiation, and
proliferation [93, 94].

2.4.4 Physiologic Aspects of Distraction Osteogenesis
on Bone Healing

Bones undergoing distraction osteogenesis share similar histologic characteristics
of healing, regardless of whether they are within the craniofacial or appendicular
skeleton [6, 95, 96]. However, there are significant histologic differences between
distraction osteogenesis and fracture healing. The latency period of distraction
resembles early fracture healing with hematoma formation and recruitment of
inflammatory cells and mesenchymal stem cells [24, 71]. Endochondral bone for-
mation may be observed during latency and early during distractor activation,
although the endochondral bone is not found within the distraction gap but is lim-
ited to areas adjacent to the periosteum. Jazrawi [97] proposed that this observation
suggests that the distraction environment may suppress cartilage development, but
that a lack of device stability may be responsible for cartilage formation.

Rather than form a cartilaginous callus within the distraction gap, a physis-like
structure of cells organizes into a fibrovascular bridge oriented in the direction of
distraction called the fibrous interzone, or FIZ (see Fig. 2.6, [6, 34, 98]). The FIZ is
rich in chondrocyte-like cells, fibroblasts, and oval cells, which are morphologically
intermediates between fibroblasts and chondrocytes [6, 34, 98, 99]. As the distrac-
tion gap increases, the FIZ remains 4 mm thick, and at the conclusion of the process,
the FIZ is the last region to ossify. Adjacent to the FIZ on either side is the primary
mineralization front (PMF), which contains a high density of proliferating osteo-
blasts. These osteoblasts undergo primary mineralization in regions of newly
formed capillaries and vascular sinuses, leading to formation of columns of bone
resembling stalagmites and stalactites, known as the zone of microcolumn formation
(MCF). When distraction ends, the PMF advances from each end toward the center,
bridging the FIZ. Sequential mineralization of osteoid occurs during the activation
and especially during the consolidation phase, starting within the surrounding MCF,
which then proceeds to bridge the FIZ. During the consolidation period,
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Fig. 2.6 Neo-physis of
bone healing with
distraction osteogenesis.

f " Vascular
See text for des‘cnptlon. Sinuses
Reproduced, with
permission, from [40]
Bone
Columns
-— FIZ

\PMF

W& MoF

mineralization of new bone is completed, and bony remodeling occurs resulting in
formation of mature, lamellar bone with marrow.

The predominant mechanisms of bone formation within this niche are twofold.
First, Yasui [100] observed that the FIZ of distracted rat femurs contained
chondrocyte-appearing cells within a bony matrix, but without capillary ingrowth as
is found in endochondral ossification. Similar to chondrocytes, these chondroid
cells expressed type II collagen. However, they transition to type I collagen expres-
sion, suggestive of direct transformation of the chondrocyte-like cells into osteo-
blasts [101]. Yasui named this phenomenon “transchondroid bone formation” and
proposed that it represents a new type of bone formation. However, both Yasui and
others [3, 4, 6, 102] observed that the predominant mechanism of bone formation
during distraction osteogenesis is intramembranous ossification, which may be dis-
tinguished from the other mechanisms by the histologic absence of cartilage and the
expression of only type I collagen. At the ultrastructural level, disorganized bundles
of type I collagen are found at the end of the latency period [103]. As activation
begins, these bundles increase in size and become oriented in a plane parallel with
the distraction force [6, 102, 104]. Osteoid is then deposited along the collagen
bundles by osteoblasts located at corticotomy/osteotomy edges and within the
distraction gap [104].
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2.4.5 Molecular Aspects of Distraction Osteogenesis

on Bone Healing

Distraction osteogenesis is initiated by an osteotomy. The molecular profile during
the immediate post-osteotomy (latency) phase thus resembles that of fracture heal-
ing (Table 2.3). Pro-inflammatory cytokines IL-1 and IL-6 are upregulated in the

Table 2.3 Differential expression of signaling molecules during distraction osteogenesis

(adapted from [71])

Signaling molecules Latency
Early

Cytokines

IL-1° +++

IL-6° +++

TNF-o*

RANKL/OPG ratio*

TGF-p superfamily

BMP-2¢ ++

BMP-4¢ ++

BMP-6¢ (at endochond)

TGF-p& & +

Angiogenic factors

VEGF-A®

VEGF-B¢

VEGF-C® ++

VEGEF-D¢

Angiopoietin 1°

Angiopoietin 2°

HIF-1of

Other osteogenic factors

FGF-2 (bFGF)*

IGF®

Collagen I -
Osteocalcin® & " -
Osteopontin' ¢

Osteonectin®

“

“+” indicates gene upregulation, whereas

Late

++

+++
++

++
++

Activation
Early

+++
+++

+++
+++
++

+++

+++

++

++
+++

++
++

—/+++

Late

+++

+++

+++
+++

+++

+++

+ + + + o+

+++

++
++

+
+++
+++

cate a lack of data or lack of differential gene expression beyond baseline

*Ai-Aqletal. [71]
"IL-6—Cho et al. [105]

Consolidation

Early Late
+++

+

+

+

+

+

+

+

+ +

+ +++

+

? ?

? ?

indicates gene downregulation. Empty squares indi-

‘BMP-2, BMP-4, BMP-6, BMP-7, GDF-5—Sato et al. [109], Nuntanaranont et al. [112] (BMP-2,

BMP-4), Khanal et al. [113] (BMP-2, BMP-4)

4TGF-b, collagen I, osteocalcin—Mehrara and Longaker [114], Nuntanaranont et al. [112] (TGF-f)

*VEGFs and angiopoietin—Pacicca et al. [115]
f'VEGFs and HIFo—Carvalho et al. [116]

¢0Opn, Oc, osteonectin, collagen [—Sato et al. [99]

"Osteonectin, osteocalcin—Meyer...Joos
iOpn—Perrien (2002) (varies by cell type)
JTGF-B superfamily—Choi et al. [117]
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initial period, promoting extracellular matrix synthesis and inflammatory cell
recruitment [71, 105]. Osteogenic and chondrogenic differentiation of these pro-
genitors is similarly stimulated by early BMP-2 expression. A separate pro-
inflammatory marker, TNF-a, is not expressed during latency, likely because its
induction requires a greater traumatic insult than a simple osteotomy [105].

With device activation the molecular expression profile significantly deviates
from that of fracture healing. IL-6 is upregulated a second time when activation
begins and mechanical strain is applied to the callus. At this time its expression is
high in osteoblasts, chondrocytes, and oval cells within the FIZ where tensile strains
are the highest. IL-6 upregulation is thought to contribute to intramembranous ossi-
fication by enhancing osteogenic differentiation, and IL-6 has an anabolic effect on
distraction osteogenesis and catabolic effect in fracture repair [105].

The TGF-f superfamily members are also upregulated during device activation.
TGF-p was increased in distracted mandibles compared to those with non-distracted
osteotomies [24], and a direct correlation between an increasing rate of mandibular
distraction and TGF-f expression has been observed [106]. During activation
TGF-p promotes osteoblast proliferation while suppressing their maturation, effec-
tively delaying their differentiation and thus promoting new bone formation [107,
108]. BMP-2 and BMP-4 expression are both expressed immediately following the
osteotomy, are downregulated, and then are highly reexpressed during device acti-
vation [109]. These BMPs are upregulated specifically within chondrogenic cells at
the PMF and within oval cells within the FIZ, in response to the application of
mechanical strain [109, 110]. They are maintained throughout activation, but then
gradually disappear during consolidation, further implying a role in proliferation of
cells required for completion of bone healing. Consistent with this, the addition of
exogenous BMP-2 shortens treatment time during DO by accelerating bone forma-
tion during the consolidation phase [111]. In contrast to other factors, BMP-6
expression, limited to chondrocytes within the FIZ, begins during the latency phase
and declines during the activation phase. BMP-6 downregulation occurs as the pri-
mary mode of ossification transitions from endochondral to intramembranous,
reflecting its contributions to endochondral bone formation [109].

Two additional growth factors have been identified which are responsive to the
increased mechanical strain found during device activation. Insulin-derived growth
factor-1 (IGF-1) and fibroblast growth factor-2 (FGF-2, or basic FGF) are both
highly expressed around the PMF and may promote osteoblast differentiation before
subsequent downregulation during consolidation [22, 106].

As with fracture healing, osteoclastogenesis is necessary to help bone formed by
distraction osteogenesis to remodel and form mature, lamellar bone. The RANKL/
OPG system is thought to be the key regulator for balanced bone turnover [118]. As
with fracture healing, a high RANKL/OPG expression ratio promotes osteoclasto-
genesis. The RANKL/OPG ratio increases late during latency and peaks within the
consolidation phase, with the greatest turnover occurring at 3—4 weeks of consolida-
tion [118, 119]. Activation of osteoclasts by TNF-a occurs throughout fracture heal-
ing; however, it is not expressed until later during consolidation, suggesting that
RANKL/OPG plays the primary role for bone turnover and maturation [82].
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Osteocalcin is expressed by mature osteoblasts and promotes mineralization. Its
expression is significantly decreased compared with normal bone during the latency
period. Osteocalcin levels gradually increase early during distraction, until reaching
normal levels toward the end of consolidation [99, 114]. In contrast, osteocalcin in
acutely lengthened mandibles does not significantly increase 6 weeks post distrac-
tion. This suggests deficiencies in osseous regeneration in acutely lengthened speci-
mens are due to disturbances in mineralization/bone turnover in addition to
decreased bone scaffold production.

2.4.6 Angiogenesis in Distraction Osteogenesis

Angiogenesis is an essential process for distraction osteogenesis. When angiogen-
esis is chemically inhibited, a lack of ossified bone and blood vessels occurs between
the two cut ends of bone, with a resulting fibrous nonunion [120]. Mechanical dis-
traction induces much greater angiogenic response than fracture healing [71]. Blood
flow during activation increases up to 10 times the normal blood flow, as measured
by quantitative technetium scintigraphy [34, 121]. Histologically, periosteal and
endosteal vessels form columns alongside newly developing bone, toward the FIZ
[79]. Within the FIZ capillaries are formed by both sinusoidal and transport capil-
lary angiogenesis. During consolidation the periosteal and medullary vascular net-
works connect at the distraction site, including the FIZ [79]. Although new vessel
formation begins during activation, maximal vessel volume increase occurs during
consolidation, suggesting a link between angiogenesis and bone formation
[122-124].

Among VEGF family members, only VEGF-A and neuropilin (a VEGF recep-
tor) are significantly upregulated during the activation phase [116]. VEGF-D is
upregulated briefly during the latency period but is diminished thereafter [116].
VEGF-A is expressed in maturing osteoblasts within the PMF and within osteo-
clasts in the MCF zone, directing angiogenesis in this region of the distraction gap
[117]. Partial blockade of VEGF signaling in a tibial model of DO results in block-
ade of intramembranous ossification but allows for chondrogenesis, whereas com-
plete VEGF blockade inhibits both osteogenesis and chondrogenesis [125]. The
primary source of VEGF-A during DO is mesenchymal cells within the surrounding
muscle. These blood vessels then synthesize morphogens (e.g., BMP-2) that pro-
mote bone formation in distracted bone [123]. An upstream activator of VEGF-A,
HIF-1a, is significantly upregulated in bone undergoing distraction compared with
fracture healing [115], suggesting that many of the downstream genes that are tar-
gets of HIF-1a (e.g., VEGF-A) play a major role in promoting new bone formation
during DO. Deferoxamine enhancement of MDO is thought to be by upregulation
of HIF-1a activity [126, 127]. Morgan [124] found that (1) the phase of activation
is characterized primarily by arteriogenesis in surrounding muscle; (2) during con-
solidation, angiogenesis predominates in the intraosteal region; and (3) vessel for-
mation proceeds from the surrounding muscle into the regenerate. Periods of intense
osteogenesis are concurrent with those of angiogenesis.
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Days After Inflammatory Response Endochondral Bone Formation Days After
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Fig. 2.7 Comparison of the progression of healing in fractures and distraction osteogenesis.
Murine femur fracture calluses and tibial distraction gap tissues were prepared at the indicated
time points, using Safranin-O/fast green staining. Cartilage is identified with bright red stain. The
scale bar indicates 1 mm for all panels. Used with permission from [71]. The presence of cartilage
during distractor activation may indicate some device instability

2.4.7 Contrasting Bone Formation by Fracture Healing
and Distraction Osteogenesis

Distraction osteogenesis shares aspects of some of the physiologic pathways of
fracture healing, but is clearly a distinct biologic process. This can be easily appre-
ciated by comparing the two processes histologically (Fig. 2.7, [71]). Shortly after
fracture of the appendicular skeleton, a robust cartilage callus forms outside the
bone, stabilizing the fracture. In distraction osteogenesis, much less cartilage is
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formed, and its presence is temporally restricted to the early periods after activa-
tion is initiated, after which it is rapidly resorbed. Distracted bone also has large
amounts of unmineralized osteoid in the central region of the distraction gap,
whereas the fracture callus of endochondral bone calcifies rapidly as it undergoes
primary bone healing. Bragdon [122] speculates that the lack of cartilage forma-
tion during distraction is due to the population of precursor cells that reside within
the endosteum. Endosteal cells are restricted to the osteogenic lineage, whereas the
periosteum, which contributes to both fracture healing and distraction osteogene-
sis, has precursor cells capable of differentiating into both chondrocytes and
osteoblasts [128].

Angiogenesis is critical for both fracture healing and distraction osteogenesis.
VEGFs are expressed during both processes but have higher relative expression dur-
ing fracture healing. VEGF receptor knockout studies showed that both angiogen-
esis and osteogenesis during distraction osteogenesis were dependent on activity of
both VEGF receptors 1 and 2 [125]. Also, inhibition of VEGF in a fracture-healing
model showed delayed healing and failure to progress from a cartilaginous to bony
callus. In fracture healing, angiogenesis begins between days 7 and 14 as chondro-
genic tissues undergo resorption [71]. However, during distraction osteogenesis,
angiogenesis is initiated only after activation has begun and is thought to be driven
by the distraction process rather than by signals elaborated from chondrocytes [71,
122]. The observation that the majority of new vessels occur within the medullary
space of the distraction regenerate supports this theory [115, 125]. This is in con-
trast to fracture healing, wherein new vessel formation occurs within the external
callus and is associated with the cartilage-to-bone transition.

In certain respects, distraction osteogenesis more closely resembles embryonic
bone development than fracture healing. The rate of bone formation during distrac-
tion osteogenesis is 200-400 pM/day, which is 4-8x faster than the fastest physeal
growth in adolescence, and is equivalent to that of the fetal femur [95, 96, 117].
There is also circumstantial evidence that pathways that are important for bone
development are differentially regulated during distraction osteogenesis. Shibazaki
reported increased PTHrP activity within distracted mandibular condyles [129].
Kasaai found significant increases in Wnt signaling factors in a mouse tibial distrac-
tion model [130]. Hedgehog signaling is also altered in a rabbit model of calvarial
distraction [131]. However, there is not enough understanding of DO to determine
whether it is a physiologic recapitulation of embryonic bone development. This is
certainly an area for future study.

2.5 Biomechanics of Distraction Osteogenesis

Simply stated, biomechanics refers to the effects that mechanical forces have on bio-
logic processes. The distraction process translates mechanical forces to a predictable
biologic endpoint. At the distraction site, the mechanical factors that influence the
environment include the applied tensile distractive forces, the rigidity of the fixation
device, the amount of physiologic loading (muscle action), and the properties of the
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Fig. 2.8 Phase diagram of tissue differentiation concept relating mechanical loading history of
multipotent mesenchymal tissue to skeletal tissue formation. Tensile failure line marks cutoff
region beyond which failure of tissue occurs and new mesenchymal tissue forms in response to
tissue trauma [ 134, 135]. Adapted with permission from [135]

surrounding soft tissues and regenerate. As distraction proceeds, one would expect
tensile forces to increase. This has been confirmed in studies of human limb lengthen-
ing, with tensile forces increasing from 2.5 N/kg at initiation of activation and leveling
off at 9.5 N/kg at completion [132]. This increase is likely caused by a combination of
increasing resistance from the soft tissues and growing bony regenerate. During con-
solidation the ratio of force carried by the fixator versus the distracted limb can be
measured. Increasing mineralization of the regenerate results in an increase in axial
stiffness and a decrease in this ratio. For the appendicular skeleton, the regenerate’s
load-bearing capacity at the beginning of consolidation is 45% and, at least 4 months
of consolidation, is typically required to improve to 90% [132, 133].

The type and intensity of the applied forces directly influence bone formation.
Finite element modeling of mouse tibial fracture healing and distraction osteogen-
esis has led to characterization of these influences (Fig. 2.8, [134, 135]):

(1) Intermittent loading in regenerating bone heals by direct intramembranous
bone formation in areas of low stress and strain.

(2) Low to moderate magnitudes of tensile strain and hydrostatic tensile stress also
stimulate intramembranous ossification.

(3) Poor vascularity can promote chondrogenesis in an otherwise osteogenic
environment.

(4) Hydrostatic compressive stresses stimulate chondrogenesis.

(5) High tensile strain stimulates production of fibrous tissue.

(6) Tensile strain with superimposed hydrostatic compressive stress stimulates
development of fibrocartilage.

(7) Low shear stress favors cartilage and high shear stress results in fibrous tissue
formation.
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These principles have been validated in the craniofacial skeleton using a rat man-
dibular model of the latency and activation phases of distraction osteogenesis [135,
136]. Ultimately, for successful intramembranous bone formation by distraction
osteogenesis, a low to moderate magnitude of tensile force (up to 13% reported by
Loboa [135]) is required. Instability of the fixation device or shear stresses will
favor endochondral bone formation.

2.6 Mechanotransduction and Mechanocoupling

Mechanotransduction is the translation of mechanical loading to cellular signal
transduction pathway activation. Bone cells sense the applied tensile forces during
distraction and transform these stimuli into biochemical signals into the cellular
responses leading to appropriate changes in the architecture of the healing bone
[137]. Mechanotransduction consists of the following steps: (1) mechanocoupling,
(2) signal transmission, and (3) the effector cell response [138]. Mechanocoupling
is the initial detection of a mechanical force with an associated signal pathway acti-
vation. The cell within bone responsible for initially sensing and responding to
these forces is thought to be the osteocyte [139]. This is because osteocytes are
regularly distributed throughout cortical and trabecular bone, because they are con-
nected and communicate through long cellular processes and because they are
unlikely to be effector cells due to being trapped within bone [140, 141]. The pro-
tein or structure within osteocytes responsible for mechanocoupling during distrac-
tion osteogenesis has not been identified, but there are a number of candidates [139].
The cells’ cytoskeletons may directly sense changes in cell shape associated with
the tensile forces. This “substrate deformation” may act directly on the actin cyto-
skeletons of the long osteocyte processes or the cell body itself [142, 143].
Alternatively, changes in the lacunocanalicular flow between osteocytes may pro-
vide the signals [144]. This may involve activation of stretch- or voltage-activated
ion channels, G-protein-coupled receptors, and nodal cilia [140, 145]. Likely, mul-
tiple of these mechanisms are involved in sensing the distraction tensile forces.

Following mechanocoupling of the tensile force to the osteocyte, a series of sec-
ondary biochemical signaling events occurs, including changes in gene expression,
protein and lipid modifications, protein degradation, alteration in cell shape/size,
and the release of secreted factors. Collectively these events allow signal propaga-
tion within the osteocyte and activation of effector cells, namely, osteoblasts and
osteoclasts. A number of signaling pathways have been identified that, when inacti-
vated, inhibit the response of bone to a loading stress, including cyclooxygenase-2/
prostaglandins [146], Wnt/LRP-5/B-catenin [147], IGF-1 [148, 149], and nitric
oxide [150] pathways. Effector cell responses are manifest in protein expression by
osteoblasts and osteoclasts, as new bone is produced. For example, alkaline phos-
phatase, type I collagen, osteopontin, osteocalcin, Runx2, and Osterix are all upreg-
ulated in response to mechanical loading of bone. Specific to distraction osteogenesis,
Table 2.3 listed many of the other factors involved in both the signal transmission
and effector cell phases of mechanotransduction.
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2.7 Advances of Distraction Osteogenesis
in the Craniofacial Skeleton

Because this chapter has introduced the foundation of bone healing physiology and
biomechanics, a significant focus has been placed upon the historic development of
distraction osteogenesis within long bones. Limb lengthening will continue to be a
useful tool to the orthopedist, but the frontiers in distraction osteogenesis seem to lie
in craniofacial applications (as supported by Table 2.1). As proposed by Dr.
McCarthy in his prologue to the initial edition of this text, the craniofacial skeleton
is more suited to surgical distraction than the long bones for the following reasons:
superior blood supply, easier surgical accessibility, decreased associated pain,
shorter required distraction/consolidation period, greater ease of measuring out-
comes (dental measurements and cephalograms), and relatively lesser morbidity
with wide, subperiosteal dissection.

This speculation has been borne out by the expanded clinical use of distraction
osteogenesis within the craniofacial skeleton and the development of a larger litera-
ture. Initially described to improve mandibular asymmetry in patients with cranio-
facial microsomia, craniofacial distraction osteogenesis today is more commonly
used to correct severe functional deficits. For example, distraction of the mandible
is frequently used to correct tongue-based airway obstruction in neonates with
micrognathia or in adults with severe obstructive sleep apnea. Midface distraction
has supplanted the traditional or acute advancement technique, especially in the
growing child. Posterior cranial vault distraction is used to delay the need for major
cranial remodeling by reducing high intracranial pressure in patients with syn-
dromic craniosynostosis, until a time that major surgery can more safely be per-
formed. Distraction osteogenesis will continue to be an important tool in the
craniofacial surgeon’s armamentarium for treatment of difficult orthognathic or
reconstructive cases.

The miniaturization and internalization of external distraction devices have been
particularly beneficial to craniofacial applications. Frequently used bilaterally,
internal or semi-buried devices have less failure, increased rigidity and stability, and
greater convenience for patients and their families compared to the large, conspicu-
ous external devices. External devices are thought to provide greater control over
midface distraction vectors and permit molding of the generate during the activation
and consolidation phases. Internal devices require a second operation for device
removal and require greater periosteal undermining for placement.

Another advance in craniofacial distraction is the growing potential for adjuvant
therapies to accelerate and improve the process. Preclinical animal models demon-
strate improved bone formation during mandibular distraction osteogenesis
(reviewed in [151]) with the addition of growth factors (BMP-2, BMP-4, BMP-7,
IGF-1, VEGF, growth hormone, adiponectin, erythropoietin), osteoclast-
suppressive medications (alendronate, zoledronic acid), mesenchymal stem cells,
hyperbaric oxygen, and a number of mechanical stimuli (low-intensity shock wave
therapy, low-intensity pulsed ultrasound). These models are predicated upon an
understanding of the basic biomechanics and molecular physiology of bone
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healing and distraction osteogenesis. These basic principles provide a vast oppor-
tunity for both optimizing distraction osteogenesis and reducing the length of the
clinical therapeutic process.

Buchman at the University of Michigan developed a high-throughput, reproduc-
ible model of rat mandibular distraction (REFs), permitting investigation of adju-
vants and new applications for distraction osteogenesis [152]. The pro-angiogenic
factor HIF-1a is one such factor [116]. Given its significant upregulation during the
activation phase of distraction osteogenesis, it was hypothesized that increasing
HIF-1a activity by deferoxamine administration would enhance bone formation
during distraction osteogenesis. They demonstrated that deferoxamine increased
HIF-1a levels in their model, resulting in enhanced vascular formation [126], more
rapid consolidation of the regenerate (Donneys 2013), and greater bone production
[127, 153]. Buchman has also examined the effects of radiation on distraction osteo-
genesis. Osteoradionecrosis of the mandible, a difficult reconstructive challenge,
frequently requires autologous bone flaps. It was found that, in response to radia-
tion, bone produced by distraction had significantly reduced osteocyte numbers,
decreased bone mineralization, decreased vascularity, and a lower breaking load
compared to control hemi-mandibles [154—-157]. They also demonstrated that con-
comitant treatment with a number of factors had a protective effect from radiation
damage, including parathyroid hormone [158, 159], amifostine [153, 160], and
stem cells [154].

Pearls and Pitfalls

* Classification methods of distraction osteogenesis include treatment goal,
distraction device type, anatomic location, and operative approach.

» Phases of distraction osteogenesis include latency, activation, and consoli-
dation. Variables during the activation phase include the rate and rhythm of
device activation.

* An understanding of embryonic bone formation and fracture healing helps
one understand the physiology and biology of distraction osteogenesis.

* Bone generated by distraction osteogenesis does so predominately by
intramembranous ossification, regardless of anatomic location. This is also
the same mechanism of bone formation of developing craniofacial bone
and fracture healing.

* The type and intensity of applied forces during distraction influence the
types of tissue created.
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Distraction of the Mandible

Joseph G. McCarthy and Roberto L. Flores

The original experimental studies and clinical experiences in craniofacial distrac-
tion were focused on the mandible. Ilizarov [1] had popularized the modern concept
of bone lengthening or distraction osteogenesis of the appendicular skeleton but had
ignored the craniofacial skeleton. While there had been experimental reports of
attempts at mandibular lengthening [2, 3], it was the detailed canine studies from
New York University [4, 5] that first raised the clinical feasibility of mandibular
distraction, later confirmed by the original 1989 cases reported in 1992 [6]. The
Mexico City group, led by Molina and Ortiz-Monasterio, reported a larger series of
mandibular distraction cases in 1995 [7].

The development of mandibular distraction represented a significant paradigm
shift in the evolution of craniofacial surgery. It permitted surgery on infants and
young patients without the need for maxillomandibular fixation (MMF) or the har-
vest of bone grafts. Moreover, morbidity rates were lowered, and operating times
and hospital stays were shortened. It is a gradual treatment process, not a dramatic
acute intraoperative skeletal/soft tissue movement. Consequently, there was less
skeletal relapse, and there was also remodeling or enlarging of the associated soft
tissues (distraction histogenesis). On the other hand, the surgeon must stay actively
involved with the patient for a minimum of 2 months, and a second surgery may be
required for device removal. In mandibular distraction, the relationship with the
team orthodontist is critical and continues during the entire treatment period. Team
organization is important, especially in airway management, and the otolaryngolo-
gist, pulmonologist, and anesthesiologist must work in a collaborative fashion with
the craniofacial surgeon. Other key members of the clinical team are the geneticist,
nurse clinician/practitioner, pediatrician/internist, psychologist, social worker, and
speech therapist.
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In the early days of mandibular distraction, the concept won wide acceptance for
patients with bilateral mandibular deficiency, especially those with Pierre Robin
sequence (PRS), because of the possibility of correction of the airway problems and
avoidance of tracheotomy.

In the chapter organization, the first section will deal with bilateral mandibular
distraction, i.e., patients with Pierre Robin sequence (PRS), bilateral craniofacial
microsomia (BCFM), and Treacher Collins syndrome (TCS). A later section will be
devoted to unilateral mandibular distraction, usually employed in the patient with
unilateral craniofacial microsomia (UCFM) as well as some patients with unilateral
temporomandibular ankylosis. This section will also discuss combined maxillo-
mandibular distraction.

3.1 Bilateral Mandibular Distraction
3.1.1 Pathology

It should be emphasized that there are both skeletal and soft tissue deficiencies in con-
genital mandibular deficiencies. This recognition is especially important when one con-
siders the functional matrix theory of Moss [8] which states that craniofacial skeletal
development is dependent on the function of the associated soft tissues and spaces. The
corollary is that mandibular distraction should not be regard solely as “bone carpentry.”
There is also a true soft tissue deficiency, and one advantage of distraction osteogenesis
is that there is enlargement of the associated soft tissues such as the muscles of mastica-
tion (distraction histogenesis) [9]. The patients may also benefit from soft tissue aug-
mentation with autogenous fat injections or microvascular flap transfers.

The mandibular skeletal deficiency is traditionally rated according to the Kaban
modification of the Pruzansky classification [10, 11] (Fig. 3.1). In this classification,
type 1 represents a mandible in which all of the components are present but are
diminished in size. In type 2a, there is significant deficiency of the body and ramus,
but the vertical plane of the ramus and condyle aligns with the glenoid fossa. In
type 2b, the vertical axis is displaced laterally. In type 3, there is absence of the
ramus or only a ramal remnant; there is no condyle.

There are three main diagnoses of patients undergoing bilateral mandibular
distraction, and each condition has a different surgical plan and outcome:

3.1.1.1 Pierre Robin Sequence (PRS)

Pierre Robin Sequence is defined by micrognathia causing glossoptosis and subse-
quence airway obstruction. The body of the mandible is usually reduced, and the
ramus and condyle can be of normal size. Cleft palate is commonly present, but
does not define the presence of this disorder. The maxilla is not affected, but there
is usually soft tissue deficiency in the chin and submental area. Many patients can
have “catch-up” growth of the mandible with resolution of the micrognathia and
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Type | Type lIA

Type IIB Type IlI

Fig. 3.1 The Pruzansky-Kaban classification. See text for details (Reprinted from Craniofacial
Distraction, McCarthy, J. G., Springer, 1999)

respiratory problems; others require surgical intervention to relieve life-threatening
airway obstruction.

3.1.1.2 Bilateral Craniofacial Microsomia (BCFM)

In this condition, the pathology is highly variable. The deficiency is predominantly
in the ramus but also in the body of the mandible. There can also be a type 3 defor-
mity. The mandibular deformity is usually symmetric and respiratory obstruction
can occur. There is little, if any, catch-up growth.

The soft tissue deficiencies are more significant, especially in the cheeks where
there can even be a number 7 Tessier cleft. There is soft tissue deficiency in the chin
and submental areas. There are external ear anomalies as well as deficits in branches
of the facial nerve. The most commonly used classification, the OMENS system,
rates five facial areas by severity on a 0-3 scale. Each area represents one letter of
the acronym: orbital asymmetry, mandibular hypoplasia, ear deformity, nerve dys-
function, and soft tissue deficiency [12].
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3.1.1.3 Treacher Collins Syndrome (TCS)

This condition has the most severe skeletal and soft tissue deficiency and can pose
the greatest challenge in mandibular reconstruction and correction of the respiratory
obstruction.

The skeletal deficiency involves the ramus which is significantly shortened, and
occasionally there is a type 3 deformity. There is a characteristic antegonial notch
with a steep mandibular plane angle. The chin is retruded but has vertical excess.
The maxilla has a unique posterior vertical deficiency, and there is a characteristic
associated orbitozygomatic hypoplasia with orbital clefting. The zygomatic arch is
often absent.

The soft tissue deficiencies are pronounced and are especially noticeable in the
cheeks, orbitozygomatic, and eyelid regions where there can be eyelid colobomata.
The chin and submental area are likewise deficient. There are varying degrees of
microtia.

The dentoalveolar findings in these conditions are discussed in Chap. 4.

3.1.2 Indications

The main or most common indication is correction of the airway obstruction. There
can be associated alimentation problems, but these can be corrected with resolution
of the airway problem [15]. Another indication is dysmorphism, especially because
of the associated psychosocial problems. One could also argue that mandibular dis-
traction in the growing patient results in augmentation of the bony volume of the
lower jaw in preparation for later orthodontic therapy and definitive orthognathic
surgery. The postoperative change is noted not only in mandibular skeletal volume
but also in position. As noted earlier, there is also in augmentation of soft tissue
volume [9].

3.1.2.1 Absolute Indications
1. Growing Patient

(a) Obstructive sleep apnea (OSA): Airway obstruction must be endoscopically
or radiographically documented, and sleep studies are important diagnostic
aids. The AHI must be greater than 10. The patient usually shows evidence of
weight loss, somnolence, and, in extreme examples, cardiac problems. The
surgical decision is best arrived at as a team recommendation by the cranio-
facial surgeon, otolaryngologist, pulmonologist, and anesthesiologist.

(b) Severe dysmorphism: This is a more challenging indication to establish, and
there is a lack of hard data or metrics to be used as supportive evidence. The
argument is that it provides improved psychosocial functioning in the criti-
cal development years before definitive surgery can be done at the time of
skeletal maturity. This benefit must be weighed against the risks of recon-
struction and the patient investment into the treatment plan.

(c) Severe micrognathia with overjet: Usually, patients with this condition have
findings of obstructive sleep apnea. Lengthening and augmentation of the
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bony volume also facilitate dental and orthodontic rehabilitation that are
critical for definitive orthognathic surgery.
2. Adult or Craniofacially Mature Patient

(a) Overjet greater than 12 mm, especially with evidence of obstructive sleep
apnea. Moreover, the relapse rate is especially high when the mandible is
corrected by acute advancement osteotomy such as the bilateral sagittal split
osteotomy.

(b) Micrognathia with restrictive and deficient soft tissues in the chin and sub-
mental area, findings that predispose to relapse, as discussed above. This is
usually associated with severe micrognathia.

(c) Patients with previous unsuccessful mandibular advancement surgery.

This topic is discussed in more detail in Chap. 5.

3.1.2.2 Controversial Indications
1. Growing Patient
(a) Mild/moderate dysmorphism without evidence of obstructive sleep apnea. It
is known that these patients will require definitive surgery at skeletal matu-
rity. If mandibular distraction is performed during the period of growth and
development, the child may require two surgical interventions. This is more
likely in patients with bilateral craniofacial macrosomia, Treacher Collins
syndrome, and Pierre Robin sequence. The counterargument is that the psy-
chosocial functioning of the patient should be improved during the critical
development years before 18 years of age. This is discussed in more detail in
Section 3.5.2.
2. Patient in the 12-15 Year Age Group
(a) In general, distraction is deferred in these patients until skeletal maturity is
reached; the remaining interval is only a few years in length. It should also
be emphasized that at skeletal maturity, the mandatory endpoint of distrac-
tion is that a class 1 occlusion must be achieved.
3. Adult or Craniofacially Mature Patient
This subject is discussed in Chap. 5.

3.1.3 Preoperative Assessment

A functioning and well-organized clinical team is essential. It should include the
craniofacial surgeon, orthodontist, otolaryngologist, pulmonologist, anesthesiolo-
gist, nurse clinician, psychologist, and social worker. In the preoperative assess-
ment, there are multiple variables that must be carefully considered.

3.1.3.1 Age of Patient/Patient and Family Cooperation

The difficult years are ages 1-3 because of the challenge of patient cooperation.
The roles of the pediatric nurse, psychologist, and social worker are invaluable in
determining when the young patient is ready for distraction of the mandible.
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Family cooperation is likewise essential as they are usually responsible for device
activation and care. As mentioned earlier, distraction is usually deferred in the
patient aged 14—17, unless there is evidence of obstructive sleep apnea. Of course,
patients with skeletal maturity rarely pose a problem in decision making as to
cooperation.

3.1.3.2 Health of Patient

The patient must demonstrate stable health without critical cardiac or other sys-
temic problems. If the airway is unstable, consideration should be given to trache-
ostomy. Nutritional status and weight of the patient must be considered. Medical
clearance by a pediatrician or primary care physician is required.

3.1.3.3 Respiratory Status/OSA

The relevant team members evaluate and make decisions regarding the respiratory
status of the patient after endoscopic, radiographic, and sleep studies [13]. The
respiratory obstruction is usually retroglossal in location, but one must remember
that there are other potential sites of airway obstruction, as in the nose or other areas
of the respiratory tract, tonsils/adenoids, hypopharynx, and trachea (tracheomala-
cia). It is notable that secondary airway anomalies (in addition to tongue-based
airway obstruction) are common in Pierre Robin sequence and Treacher Collins
syndrome [14]. The AHI values tend to be the determinant metric for or against the
use of distraction, provided that there is no central sleep apnea or a critical second-
ary airway anomaly precluding success of mandibular distraction.

The patient can present with different respiratory scenarios, such as an indwell-
ing tracheotomy or a non-life-threatening obstructive sleep apnea. In these situa-
tions, the surgical decision is elective in nature. The most challenging patient is
the one with a dangerously obstructed airway and impending tracheotomy. In
these situations, it may be safer to perform a temporary tracheotomy and provide
control of the airway throughout the distraction process. In the newborn with a
challenging airway obstruction, the tendency has been to intubate the child and
proceed with rapid (2 mm/day) mandibular distraction while the patient remains
intubated.

3.1.3.4 Alimentation

Many patients who present with obstructive sleep apnea are thin and malnour-
ished and often have an indwelling gastrostomy tube. The nutritional problem
usually improves with correction of the airway obstruction (see [15]) in children
with isolated airway anomalies; however, the outcome in syndromic patients is
less clear.

3.1.3.5 Bone Volume and Blood Supply

The Pruzansky-Kaban classification is usually used to define the mandibular skele-
tal pathology. Patients with a type 3 cannot undergo distraction but must first have
restoration of the ramus and condyle with some type of bone transfer, nonvascular
or vascularized [16-20].
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Patients can present with history of a previous mandibular distraction or a previ-
ous osteotomy. Patients can also have a history of a bone graft restoration of the
ramus and condyles or a vascularized composite flap. Distraction can be recom-
mended for these patients, provided there is adequate bone volume with sufficient
blood supply/attached soft tissue. If there is evidence of rib graft reconstruction of
the ramus, and the grafts are small in caliber, distraction is contraindicated because
of the likelihood of fibrous union (Fig. 3.2) (see [17]; see [19, 20]). In these sce-
narios, distraction of the native bone away from the rib graft is recommended [21,
22]. The indications for distraction of the radiated bone are not codified. Although
mandibular distraction in the radiated field can be successful, the complication rate
is increased, likely due to the decreased blood supply at the surgical site.

Fig.3.2 Serial CT scans. (a) Following reconstruction of the ramus/body of the mandible with an
autogenous rib graft. (b) Following distraction (osteotomy in the rib graft) with development of
fibrous union. (c¢) Following successful secondary distraction of a larger iliac bone graft recon-
struction of the mandibular defect
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3.1.3.6 Dentition

There can be teeth or tooth follicles at the site of the planned osteotomy. If this
problem is not addressed and distraction is performed, it will be unsuccessful, and
there will also be injury of the involved teeth. It is preferable to remove the teeth or
tooth follicles and wait at least 4 months before performing the osteotomy at the
appropriate edentulous site [23] (Figs. 3.3, 3.4, and 3.5).

Fig. 3.3 Removal of a
tooth follicle prior to
mandibular distraction.
Panorex showing a
deficient mandible with a
terminal tooth follicle

Fig.3.4 Outline of the
mandible (green) and the
tooth follicle (red)

Fig. 3.5 Successful
distraction 6 months after
removal of the tooth
follicle with elongation of
the ramus
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Fig. 3.6 Reconstruction of the TMJ with transport distraction. (a) Line of osteotomy and applica-
tion of device. Note the defect from the gap arthroplasty. (b) With activation, the transport segment
was moved toward the glenoid fossa with the leading edge covered by a fibrocartilaginous cap.
Note the generated bone behind the transport segment (Reprinted from Stucki-McCormick, S. V.
et al. Semin. Oxford War 1999: 5(1): 59-63)

3.1.3.7 Concomitant Temporomandibular Joint Disorder (TMJD)
or TMJ Ankylosis

In the patient with a history of temporomandibular joint disorder or pain and
arthritis, the TMJ can be protected with an orthodontic device that permits condy-
lar unloading [24]. The unresolved question is in what order to treat the patient
who presents with a true indication for mandibular distraction in the presence of
TMI ankyloses [25, 26]. It is the authors’ preference to perform the distraction
first and then wait 6 months after device removal to consider several treatment
possibilities, such as the following: gap arthroplasty, Matthews device [27], cos-
tochondral grafts (see [17]; see [19, 20]), fibular transfer with cartilage cap, and
transport distraction [28-32] (Figs. 3.6 and 3.7). TMJ ankylosis combined with
retrognathia poses one of the more formidable reconstructive dilemmas. Although
it is certainly possible to elongate the mandible, sustainable release of the fused
TMIJ remains elusive. Procedures designed to release bony ankylosis have a sig-
nificant recurrence risk and may result in mandibular setback resulting in recur-
rent airway obstruction.

3.1.3.8 Associated Maxillary Deficiency

This is more of a problem in the patient with unilateral craniofacial macrosomia, but
in the patient with Treacher Collins syndrome, there is a pathognomonic posterior
maxillary deficiency that requires special attention when considering mandibular
advancement [33].
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Fig.3.7 A 17-year-old female following a mandibular fracture and left-sided TMJ ankylosis. (a)
Preoperative appearance with only 10 mm of interincisal opening. (b) Interincisal opening follow-
ing gap arthroplasty and transport distraction with an external device. (¢) Preoperative interincisal
measurement (goniometer in a dental space). (d) Postoperative measurement
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3.2 Orthodontic Assessment

This is discussed in detail in Chap. 4.

3.2.1 Preoperative Planning

A clinical examination is the first step. This should be done carefully with the head
in a neutral position, and the examiner should observe the patient in all dimensions,
paying special attention to the soft tissues, occlusion, and temporomandibular func-
tion or interincisal opening with all findings recorded.

The respiratory status is evaluated by the otolaryngologist, pulmonologist, and
anesthesiologist, in conjunction with the craniofacial surgeon. As previously stated,
multisited airway pathology is common, and patients with suspected airway steno-
sis should undergo laryngoscopy/bronchoscopy in addition to polysomnography.

Photographs are obtained, and the views include frontal, oblique, profile, sub-
mental, bird’s eye, and occlusal.

Cephalograms (posteroanterior, lateral and basilar views) and panoramic radio-
graphs are especially indicated preoperatively and can also be used postoperatively
to document the progress of the distraction and stability/growth over the long term.
In general, children under 3 years of age are not cooperative in terms of obtaining a
satisfactory cephalograms.

CT scans are obtained on all patients, and the introduction of the ICAT has sim-
plified the process. Bony stock, tooth location, and condition of the condyle/TMJ
are preoperatively assessed.

Vector and device selection/placement are considered together [34—36].

The vectors (Fig. 3.8) are defined by the relationship of the long arms of the
distraction device to the maxillary occlusal plane as follows: vertical vector has an
angle of approximately 90°-60° and tends to be indicated in the patient with a pre-
dominant ramal deficiency; the oblique vector has an angle of 60°—45° and is used
for lengthening of the ramus and body, whereas the horizontal vector has an angle
less than 45° and is especially indicated in the patient with severe deficiency of the
body of the mandible (Fig. 3.9). In general, a single vector, if properly planned with
device placement, can correct a multidimensional mandibular deficiency.

The osteotomy is preferably planned at right angles to the device activation rod,
and care must be taken to avoid injury to the teeth or follicles. An inverted L oste-
otomy can be useful in preserving the developing and permanent teeth. The osteot-
omy should be performed at the site of adequate bone volume. In other words, the
divided edges of the bone at the osteotomy site should be as broad and thick as
possible to promote bone formation in the distraction zone.
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Fig. 3.8 The vectors of
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Fig. 3.9 Vectors of distraction. (a) With an oblique vector in mandibular distraction, the chin
point is translated in an inferior direction without closing of the anterior open bite. (b) With a verti-
cal vector, there is counterclockwise rotation of the mandible. Note the projection of the chin and
closure of the anterior open bite. (Blue), pre-distraction; (Red), post-distraction

Device placement and selection are dictated by bone volume and tooth
position, especially in the pediatric patient. Depending on the hypoplasty and
deficiency of the mandible, there may be little room for variation in device
orientation. Device placement must be absolutely rigid with secure screw/pin
fixation. Screws must be bicortical and should not injure teeth or tooth
follicles.
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Fig. 3.10 External mandibular distraction device technique. (a) Submandibular incision. The
incision should be placed lower than illustrated. (b) Outline of the hypoplastic mandible. (c)
Proposed line of osteotomy (blue) and pin sites. (d) Insertion of pins (Figures 3.10 and 3.11
reprinted from Thorne, C.H. Grabb & Smith, Plastic Surgery, J.B Lippincott, Philadelphia, 2007)

The original mandibular distraction devices were external with the pins intro-
duced percutaneously (Figs. 3.10 and 3.11) [6]. There have been subsequent reports
of internal devices introduced intraorally, either linear [37] (Fig. 3.12) or curvilinear
[38—40]. The semi-buried is the authors’ preference since it allows the application of
a vertical vector [41] and easy access for device activation (Figs. 3.13 and 3.14).
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Fig. 3.11 (a) Completion of osteotomy. (b) Application of device. (c) Activation of device and
generation of bone (red)

Fig. 3.12 Internal
mandibular distraction
device (Drawing adapted
from Diner PA, Kollar EM,
Martinez H, Vazquez
MP. Intraoral distraction
for mandibular
lengthening: a technical
innovation. J
Craniomaxillofac Surg.
1996 Apr;24(2):92-5)

The external devices in which the pins are inserted percutaneously require less
bone stock and have the advantage that, if there is device failure, the device can be
replaced in the outpatient setting. In addition, they allow molding of the regenerate.
However, the external devices are associated with the least satisfactory scar because
it often is not located in the natural skin lines.
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Fig.3.13 Semi-buried device. The foot plates can be
modified and reduced. The activation arm is passed
through a separate skin incision (KLS Martin®)

i

Fig. 3.14 Example of the semi-buried mandibular distraction device. (a) An 8-year-old boy with
micrognathia and obstructive sleep apnea. (b) Following mandibular distraction. (c¢) Lateral cepha-
logram following osteotomy and device application but before activation. (d) At the completion of
activation. Note the expansion of the airway and counterclockwise rotation of the devices. There
has been overcorrection with a deliberate class III dental relationship
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Fig. 3.14 (continued)

The intraoral devices leave no scar but suffer the disadvantage that they require
a large amount of bone volume for application of the plates, and vector selection is
limited (see Chap. 5 for more details).

The semi-buried devices, the preference of the authors, are especially indicated
for the vertical vector. One may argue that the scar is unsatisfactory. However this
problem can be obviated as they can be inserted through a low submandibular inci-
sion (Risdon) that allows the plates to be applied intimately and securely to the bone.

Virtual surgical planning has been reported but at this time has a limited role in
planning a distraction procedure.

3.2.2 Operative Technique

There are multiple types of incisions or surgical approaches, but all are dependent
on tooth/follicle position, bone volume, desired vector, and size and shape of the
distraction device.

As mentioned earlier, with external devices, the pins are inserted percutaneously,
and this type of approach is indicated in the patient with a relatively hypoplastic
mandible. The buccal aspect of the mandible is exposed in the subperiosteal plane
after an incision is made either below the mandible border (Risdon) or along the
oblique line of the ramus (Fig. 3.15). Illuminated retractors allow precise placement
of the percutaneous pins (self-drilling). The surgeon’s finger placed extramucosally
on the lingual side ensures bicortical placement without soft tissue penetration.
After one pin on either side of the osteotomy is passed through the device and
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Fig.3.15 Intraoral
incision along the oblique
line of the mandible

secured to the bone (bicortical), the maneuver is repeated with the remaining pins
(see Fig. 3.10). The osteotomy is made with a saw/osteotome ideally at a right angle
to the distraction vector (device). The device must be stable with four pins and
should be seated only a few millimeters above the skin. The wound is irrigated and
closed with sutures.

In the intraoral approach or incision, the incision is made along the oblique line,
and the buccal aspect of the ramus is exposed with lighted retractors (see Fig. 3.15).
The subject is discussed in more detail in Chap. 5.

The semi-buried devices are inserted through a low Risdon incision, care taken
to avoid injury to the marginal mandibular nerve (see Fig. 3.13). Subperiosteal
exposure is obtained, only large enough to perform the osteotomy and place and
secure the distraction device.

The osteotomy has to be complete. There had been discussion in the early days of
mandibular distraction whether it should be a corticotomy (as proposed by Ilizarov)
or complete osteotomy. However, with the passage of time, all workers agree the
osteotomy should be complete. The preference is to make the osteotomy perpendicu-
lar to the activation rod. Some authors have recommended a sagittal split, but this is
a more complicated osteotomy, especially in a hypoplastic ramus (see Chap. 5).

One must take every step to avoid injury to the inferior alveolar nerve. The oste-
otomies are initiated with a saw along the buccal cortex, saline copiously irrigated
at the osteotomy site. The saw cut is extended along the anterior and posterior bor-
ders and lingual aspect. Rotation of a broad osteotome inserted into the buccal cor-
tex completes the osteotomy. Again, an inverted L osteotomy may prove useful in
preserving sensibility to the lower lip.



62 J.G. McCarthy and R.L. Flores

Device placement determines vector orientation. The device must be rigidly
applied to the mandible. Lack of rigidity probably represents the number one cause
of distraction failure. It must be emphasized that there should be multiple screws
inserted on each side of the activation rod. In either pin or screw insertion, they must
have bicortical attachment. The osteotomy must be verified. This is done by activat-
ing and lengthening the distraction device, confirming completion of the osteotomy
by direct visualization and palpation, and then closing it to place the bony edges in
apposition. With the semi-buried device, a separate small incision is made for exit
of the activation rod.

3.2.3 Postoperative Management

Latency is the period after osteotomy but prior to device activation. In the original
papers of Ilizarov, latency was defined as 5 days to allow the ingress of inflamma-
tory cells and development of a micro-vasculature at the osteotomy site. In general,
a latency of 5 days is recommended for mandibular distraction. However, this can
be reduced or even avoided in neonates or infants with respiratory distress who are
intubated.

Activation is that period when the device is being turned (“activated”) to lengthen
the mandible on a daily basis. The usual rate is 1 mm a day but can be increased to
2 mm a day in infants and neonates. The rhythm is the number of times per day the
device is turned. The rhythm is once or twice a day, but this is not a critical
variable.

The end point of activation is age dependent, but in the growing patient under-
going bilateral mandibular distraction, the end point is a class 3 malocclusion,
provided the orthodontist feels there is still a functioning bite (see Fig. 3.14). The
role of lateral cephalograms is helpful in deciding when to discontinue
activation.

Consolidation is that period following activation and usually lasts 8 weeks.
Cephalograms at that point usually show radiographic evidence of mineralization in
the distraction zone.

Orthodontic therapy and molding of the generate during the periods of activation
and consolidation [42] are discussed in Chap. 4 (see Fig. 3.20).

3.3 Case Examples (Figs. 3.16, 3.17, 3.18, 3.19, 3.20, 3.21,
and 3.22)
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Fig.3.16 An infant with Stickler syndrome and life-threatening obstructive sleep apnea requiring
a neonatal tracheotomy. (a) Preoperative appearance. Note the tracheotomy and micrognathia. (b)
One year after bilateral mandibular distraction. The tracheotomy has been decannulated. (¢) Four
years postoperative. (d) Preoperative profile. (e) Profile 1 year postoperative. (f) Profile 4 years
postoperative with maintenance of airway function and mandibular projection.
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Fig.3.17 A 4-year-old boy with micrognathia and obstructive sleep apnea. (a) Preoperative fron-
tal view. (b) Postoperative frontal view 3 years after bilateral mandibular distraction (external
devices). (¢) Preoperative profile. (d) Postoperative profile
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Fig.3.18 CT scans of patient illustrated in Fig. 3.17. (a) Frontal view before bilateral mandibular
distraction. (b) Postoperative frontal view. (c¢) Preoperative lateral view. (d) Postoperative lateral
view. Note the volume of bone generated in the mandibular ramus and body with an increase in
chin projection
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Fig. 3.19 An adult male with severe micrognathia and obstructive sleep apnea who underwent
bilateral mandibular distraction. (a) Preoperative frontal view. (b) Postoperative frontal view. (c)
Preoperative profile. (d) Postoperative profile. He also had an osseous genioplasty as a second
stage procedure. Note the satisfactory submandibular scar with an external distraction device
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Fig. 3.20 A 14-year-old boy with micrognathia, indwelling tracheotomy, and history of failed
efforts at mandibular reconstruction at another institution. (a) Preoperative frontal view. (b)
Postoperative view after bilateral mandibular distraction and molding of the generate. The trache-
otomy has been removed. (¢) Preoperative profile. (d) Postoperative profile
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Fig. 3.21 CT scans of patient illustrated in Fig. 3.20. (a) Preoperative CT scan. Note the severe
micrognathia, anterior open bite, class II malocclusion, and residual rib graft (failed reconstruction
at another institution). (b) Postoperative CT scan after bilateral mandibular distraction and mold-
ing of the generate. Note the elongation and counterclockwise rotation of the mandible and closure
of the anterior bite

Fig.3.22 Serial lateral cephalograms. (a) Following osteotomies and application of external dis-
traction devices and before activation. (b) With activation and angulation of the external devices,
there has been elongation and counterclockwise rotation of the mandible. (¢) Larger distraction
devices were applied and activation continued. (d) At the completion of activation and device
angulation, the bite has been closed (also with the aid of wires between the maxillary and mandibu-
lar dentition). Note the expansion of airway space
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o

Fig.3.22 (continued)

3.3.1 Complications

As in any surgical procedure, complications must be considered. In evaluating clini-
cal outcomes, one must consider the following variables: diagnosis or syndrome,
type of distraction device, age of patient, volume of mandibular bone, radiation to
the operative field, and previous mandibular surgery. One must also distinguish
among the treatments required to resolve the complication (medical vs. surgical
intervention) and, finally, a complication that resolved with therapy and one that did
not resolve and impacted negatively on outcome [43]. The literature is confusing, as
some papers are based only on a survey of multiple centers, often with limited clini-
cal experience, and, in addition, the above distinctions are not made.

There are several possible complications following mandibular distraction.
Device failure has been reported. It is critical that the device is tested before applica-
tion in the patient and also after fixation at completion of the osteotomy. The exter-
nal device has the advantage that, if there is a failure, the device can be exchanged
in the outpatient setting. Infection has been reported, usually at the incision or
device site. Most usually resolve with oral or intravenous antibiotics and do not
impact negatively on the outcome. However, removal of all hardware would be
indicated if conservative therapy fails.

Hypertrophic or unsightly scars are more likely with the external device or after
a wound infection. Nerve injury has been reported, usually of the inferior alveolar
and the marginal mandibular and buccal branches of the facial nerve. They are usu-
ally temporary and resolve satisfactorily.
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Tooth injury usually occurs at the time of the osteotomy/pin or screw insertion
and can be avoided with prior extraction of the teeth or follicles.

Fractures are most common especially when the mandibular osteotomy is made
close to the sigmoid notch. This type of fracture isolates the condyle and can lead to
temporomandibular joint ankylosis (TMJ).

Temporomandibular joint problems include pain during the activation process,
especially when a vertical vector is employed. This can be avoided or lessened with an
orthodontic device to unload the condyle (see [24]). Trismus or TMJ ankylosis usually
is secondary to an inadvertent osteotomy and isolation of the condylar fragment.

Relapse must first be defined. The term is often misused to describe a condition
where one side of the mandible grows less than the contralateral side. Relapse is a
term that should be reserved to define translation of the advanced skeletal unit back-
ward from its most forward postoperative position. It is often confused with cranio-
facial asymmetry or differential growth between both sides of the mandible or
between the maxilla and the distracted mandible. Causes of relapse include fibrous
union because of insufficient bone at the distraction site (see [17, 19, 20]) (see
Fig. 3.2) or overly rapid distraction.

In a stratification of complications after mandibular distraction of 226 sided
procedures in 141 patients (unilateral in 56 patients and bilateral in 85 patients),
the sample was divided into distraction performed on grafted bone and native
bone and distraction performed with external vs. internal devices (see [43]). The
major incident rate (treatment outcome compromised) was 5.31%. Literature
reviews have also been reported for complications after mandibular distraction. In
one review of 565 patients, 11% had complications that resolved spontaneously,
10.8% had conservatively managed complications without hospitalization, and
permanent complications were observed in 9.6% of patients [44]. In another
study, albeit a literature review, the following incidence of complications was
reported: tooth injury 22.5%, hypertrophic scarring 15.6%, nerve injury 11.4%,
infection 9.5%, device failure 7.9%, and TMJ injury 0.7% [45]. Literature surveys
regrettably incorporate papers reflecting surgical inexperience and limited num-
ber of patients.

3.3.2 Outcomes/Longitudinal Studies

In evaluating outcomes, one must document whether there was the need for addi-
tional surgery such as tonsillectomy, tongue suspension, secondary distraction,
definitive orthognathic surgery at the time of skeletal maturity, or microvascular free
flap for soft tissue augmentation [46].

One must distinguish among the various syndromes (PRS, BCFM, and TCS)
because the treatments or outcomes can vary among them [20, 47]. The goals, as
mentioned earlier, include improving the respiratory status of the patient and any
associated alimentary problems, correcting severe malocclusions, and reducing
craniofacial dysmorphism. Most workers in the field would agree there are distinct
differences in outcomes among the three syndromes (PRS, BCFM, TCS) [20, 47].
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In PRS, the outcomes after mandibular distraction have been dramatic in neona-
tal patients whose respiratory problems were resistant to conservative measures
[48]. One study noted that the most important predictor of failure in outcome (tra-
cheostomy) was the GERD- need for Nissen fundoplication and the absence of a
cleft palate. Syndromic diagnoses, as well as cardiac and respiratory anomalies,
were not associated with failure [49] as defined by tracheostomy or incomplete
amelioration of AHI (never reduced below 20). Moreover, a study from the same
center showed that PRS patients weighing under 4 kg with severe airway obstruc-
tion were no more at risk for complications and treatment efficacy than a similar
cohort weighing more than 4 kg [21, 22]. In a three-dimensional airway recon-
struction before and after mandibular distraction for respiratory distress in patients
with micrognathia, volume and surface area of the airway increased by an average
of 279.2% and 89.4%, respectively. Of 12 patients, tracheostomy was avoided in
one patient, and it was removed in 10 of 11 patients who had tracheostomy in the
preoperative period [50].

While both PRS and TCS have retrognathia and glossoptosis causing airway
obstruction, each has a distinct or unique pathologic anatomy and pathophysiology
that result in a lower rate of success and a higher rate of complications in the TCS
cohort (see [47]). The greater challenges to success in TCS are likely related to the
increased complexity of the mandibular pathology which can include a deficient
ramus, absent condyle, clockwise rotation of the mandibular body, foreshortened
strap muscles, and decreased posterior maxillary height.

BCFM patients probably lie between the PRS and TCS patients in terms of suc-
cessful outcomes and complication rate. Both BCFM and TCS patients tend to have
greater mandibular skeletal deficiencies. However, the anatomic basis of the TCS
airway is unique with a posteriorly reduced maxilla and an oblique mandibular
plane angle and a more cephalically positioned retrognathia.

Pearls and Pitfalls

» Importance of a functioning clinical team.

* A low positioned Risdon incision is better for exposure and can result in a
satisfactory scar.

* With a hypoplastic mandible and dental crowding, consider tooth follicle
removal.

* In a patient with a Pruzansky-Kaban III mandible, the first stage must be a
nonvascularized or vascularized bony transfer.

* Modify or reduce the size of the foot plates in a buried device, but be sure
there is device rigidity (screws on either side of the activation rod) and
plates on either side of the osteotomy.

* In general, a vertical vector is the workhorse, and the uniplanar device can
result in multidimensional movement of the mandible.

* Consider accelerated activation (2 mm per day) and avoidance of latency
period in neonates and infants.
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3.4 Unilateral Mandibular Distraction

Many of the principles and protocols discussed in bilateral mandibular distraction
are applicable to the patient undergoing unilateral distraction. However, there are
unique differences:

e The most common diagnosis is unilateral craniofacial microsomia (UCFM).

e The deformity is asymmetric.

e Treatment is commonly directed at one side of the craniofacial skeleton, and the
challenge is to restore symmetry.

* Unilateral mandibular distraction as therapy also affects the position of the non-
distracted side of the mandible and dentoalveolus (see Chap. 4 for the orthodon-
tic measures required).

* Usually, an associated maxillary vertical deficiency also has to be addressed in
the treatment plan.

* The post-distraction posterior open bite must be orthodontically managed (see
Chap. 4).

* Respiratory problems are less common in UCFM.

3.4.1 Pathology

The most common diagnosis for the patient undergoing unilateral mandibular dis-
traction is UCFM (Fig. 3.23). There are some patients who have sustained mandibu-
lar fracture and have post-traumatic TMJ ankylosis.

The mandibular skeletal deficiency is best defined by the Pruzansky-Kaban clas-
sification as described earlier in this chapter (see Fig. 3.1).

The affected ramus/condyle is vertically deficient, and the chin point is deviated
to the affected side (Fig. 3.23). The inferior border of the ipsilateral mandible is
elevated or displaced in the cephalic direction. The dentoalveolar deformity usually
includes dental crowding in the body and ramus of the affected mandible. In the
upper jaw, the ipsilateral dentoalveolus is likewise hypoplastic with dental crowd-
ing, and there is a marked occlusal cant upward on the affected side. There can be
an ipsilateral orbital dystopia with frontal bone flattening; the mastoid can be
hypoplastic.

The soft tissue deformities are also significant. The chin pad is hypoplastic
and deviated to the affected side. The submental soft tissue is deficient and con-
strictive. The affected cheek soft tissue is especially hypoplastic, and there can
be a cleft extending from the affected oral commissure to the auricular remnant
(Tessier #7).

The underlying muscles of mastication are affected and, as emphasized in the func-
tional matrix theory of Moss [8], these findings impact on the vitality and function of
the mandible. The facial nerve may be affected, especially the marginal mandibular
and buccal branches. The external ear is variably affected in the form of minor preau-
ricular skin remnants, ipsilateral auricular hypoplasia, and microtia/anotia.
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Fig. 3.23 Longitudinal follow-up after unilateral mandibular distraction. (a) A 7-year-old girl
with right-sided craniofacial microsomia. (b) Appearance 16 months following unilateral man-
dibular distraction. Note the lowering of the oral commissure and inferior border of the mandible
on the affected side. The chin is midline and there is more cheek fullness. (¢) Appearance 13 years
postoperative without additional jaw surgery
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3.4.2 Indications

1. Airway/Associated Alimentary Problems
Unilateral craniofacial microsomia patients can present with airway obstruction.
Tongue-based airway stenosis is more commonly associated with a Pruzansky
type 1IB and III mandible. [51].

2. Dysmorphism
The goal is to attempt to reduce the craniofacial asymmetry.

3. Augmentation of Mandibular Bony Volume
One could consider unilateral mandibular distraction in such a patient for bony
augmentation in preparation for eventual orthodontic therapy and orthognathic
surgery at the time of skeletal maturity.

3.4.2.1 Absolute Indications

1. Growing and Craniofacially Mature Patients
In growing and mature patients with unilateral craniofacial microsomia and air-
way problems, or severe dysmorphism, the indication for mandibular reconstruc-
tion is absolute. If there is a type III deformity, the ramus and condyle must be
reconstructed in a first stage.

3.4.2.2 Controversial Indications

1. Growing Patients
In the growing patient with mild to moderate dysmorphism, without findings
of obstructive sleep apnea, there is lack of agreement as to the indications for
mandibular distraction. This stands in contrast to patients with obstructive
sleep apnea. The argument favoring distraction is that a preliminary mandibu-
lar distraction in the growing patient would improve or lessen the dysmor-
phism and provide the child with an interval of improved psychosocial
functioning. Moreover, the increased bony volume allows orthodontic/dental
intervention in anticipation of definitive orthognathic surgery at skeletal
maturity.

In the patient of approximately 13—17 years of age without signs of obstruc-

tive sleep apnea, it would be controversial not to wait a few years for definitive
orthognathic surgery at the time of skeletal maturity.

3.4.3 Preoperative Assessment

The reader is referred to the discussion earlier in the chapter.

3.4.4 Orthodontic Assessment

The reader is referred to Chap. 4.
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3.4.5 Preoperative Planning

The reader is referred to the previous section in bilateral mandibular distraction.
However, it should be noted that the semi-buried technique is preferred in unilateral
mandibular distraction as it is particularly suited when the vertical-oblique vectors
are indicated.

Unlike patients undergoing bilateral mandibular distraction, maxillary pathology
is a prominent part of the planning in the patient scheduled for unilateral mandibular
distraction. Management of the maxilla is age dependent:

0—4 years: The maxilla descends spontaneously as the affected mandible is length-
ened in the vertical dimension during the activation period. Orthodontic treat-
ment is usually not required.

4-9 years: It is in this age group that intensive orthodontic therapy with cross tongue
elastics and bite block therapy is indicated (see Chap. 4).

9-14 years: One could consider maxillomandibular distraction. The technique was
popularized by the Mexico City group [52] and reported by others [53—57]. It entails
the previously described procedure for mandibular distraction combined with max-
illary (Le Fort I) distraction to increase the vertical height of the maxillary dentoal-
veolus and correct the occlusal cant. There are, however, several caveats. The Le
Fort I osteotomy must be carefully performed in order to avoid damage to unerupted
maxillary teeth. Maxillomandibular fixation (MMF) is required, and this can be
challenging for the younger patient. The technique of combined maxillomandibular
distraction is also more painful than that of mandibular distraction alone.

3.4.6 Operative Technique

The reader is referred to the technical details in the section on bilateral mandibular
distraction. In general, it is preferable that a low Risdon (submandibular) is made
and access gained to the ramal-body remnant in a subperiosteal plane. In general, a
vertical vector is preferred in the placement of the distraction device on the ramal
remnant (Fig. 3.24).

3.4.7 Postoperative Management

The reader is referred to the previous section in bilateral mandibular distraction. In
the activation phase, the following clinical endpoints must be achieved in the grow-
ing child. The chin point must cross the midline to the contralateral side, and the
occlusal plane must be lower on the distracted side (Fig. 3.25). The inferior border
of the mandible and the affected oral commissure on the distracted side must be
lower than their contralateral counterparts. In other words, activation should not be
discontinued until there is evidence of “overcorrection” (see Fig. 3.14). Failure to
do so will require secondary distraction (Fig. 3.26).
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Fig. 3.24 Serial lateral cephalograms. (a) Preoperative view. (b) After osteotomy and device
application but before activation. The vector is vertical. (¢) During activation. Note the counter-
clockwise rotation of the mandible and distraction device (semi-buried) and increased projection
of the chin. There is also a marked expansion of the retroglossal airway. The bony generate is
apparent between the device foot plates
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Fig. 3.25 The end points of unilateral mandibular distraction. (a) A young boy with right-sided
craniofacial microsomia. (b) Following unilateral mandibular activation with a semi-buried device
(note the activation toggle). The affected oral commissure, occlusal plane, and inferior border of
the mandible have been lowered and the chin point driven to the contralateral side. Note the
increased fullness of the affected cheek

Fig. 3.26 (a) A 3-year-old girl with left-sided craniofacial microsomia and severe occlusal cant.
(b) Following inadequate left-sided mandibular distraction. While improved, the chin point
remains on the affected side and the commissure is still elevated. There is a residual occlusal cant,
and the affected inferior border of the mandible is elevated. (¢) At the conclusion of activation with
secondary mandibular distraction, the occlusal cant has been corrected (see tongue blade), and the
chin point is across the midline. The inferior mandible border on the affected side is lower
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Fig. 3.26 (continued)

The consolidation phase lasts for 8 weeks, following which the distraction device
is removed.

The role of the orthodontist, as discussed in Chap. 4, is critically important in man-
dibular distraction, especially because of the management of the associated maxillary
deformity. Bite block therapy after device removal is critical to prevent relapse of the
lengthened ramus. In bilateral mandibular distraction, the latter can be a problem only
in the Treacher Collins syndrome (bilateral posterior maxillary deficiency).

3.5 Case Examples (Figs. 3.27, 3.28, 3.29, and 3.30)
3.5.1 Complications

This subject is discussed earlier in the chapter.
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Fig.3.27 An 18-month-old boy with right-sided craniofacial microsomia who underwent the first
mandibular distraction (unilateral) in 1989. (a) Preoperative appearance. (b) Postoperative appear-
ance at age 2 years. Note the improvement in chin position and cheek fullness. (¢) Appearance at
6 years postoperative. (d) Appearance at 20 years of age. He had undergone microsurgical recon-
struction of the affected cheek soft tissue, Le Fort I osteotomy, bilateral ramal osteotomies, and
osseous genioplasty
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Fig. 3.28 A 4-year-old girl with unilateral craniofacial microsomia who underwent right-sided
mandibular distraction. (a) Preoperative appearance. (b) One year following mandibular distrac-
tion. Note the lowering of the oral commissure and inferior border of the mandible and projection
and movement of the chin to the unaffected side. (¢) Appearance 15 years postoperative without
additional jaw surgery
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Fig. 3.29 A 3-year-old boy with left-sided craniofacial microsomia who underwent unilateral
mandibular distraction. (a) Preoperative appearance. The head tilt is secondary to a cervical verte-
bral anomaly. (b) One year following unilateral mandibular distraction. Note the chin is midline,
and there is increased cheek fullness. (¢) Appearance 15 years postoperative without additional jaw
surgery
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Fig. 3.30 Longitudinal follow-up after unilateral mandibular distraction. A 4-year-old boy with
left-sided craniofacial microsomia. (a) Preoperative appearance. (b) At the completion of activa-
tion with an external device. Note the lowering of the affected oral commissure and inferior border
of the mandible. The chin point is on the affected side of midline, and there is more cheek fullness
on the affected side. (¢) Appearance 12 years postoperative without additional jaw surgery. The ear
has been reconstructed



3 Distraction of the Mandible 83

3.5.2 Outcomes/Longitudinal Studies
There are several goals in unilateral mandibular distraction.

1. Aesthetic

The aesthetic goals are the amelioration of craniofacial asymmetry characterized

by ipsilateral cheek deficiency, elevated oral commissure, elevated body of the

mandible, and deviation of the chin point to the affected side. The chin lacks
adequate projection.
2. Occlusal/Dental

The goals are correction of the occlusal cant and promotion of maxillary and

mandibular teeth eruption. Despite active partnership with a craniofacial ortho-

dontist, final correction of the occlusal cant commonly occurs at the time of
definitive orthognathic surgery.
3. Skeletal

The goal of distraction is to increase the vertical height of the ramus and aug-

ment the body as well as move the chin point to the opposite side. The goal of

maxillary treatment is to lower the dentoalveolus on the affected side and to
reestablish a level occlusal plane.
4. Respiratory

In the unusual patient with respiratory insufficiency, the goal is to bring the AHI

into a normal range.

It should be noted that, especially in the growing patient, there can be need for
additional surgery. Secondary distraction may be indicated, and it is usually due to
undercorrection and lack of orthodontic involvement at the time of the primary dis-
traction (see Fig. 3.26). Definitive orthognathic surgery is usually required at the
time of skeletal maturity. Soft tissue augmentation can be achieved with serial
autogenous fat grafts in the patient with mild to moderate soft tissue deficiency, but
a microvascular free flap (see [46]) may be indicated in the patient with severe
deficiency.

Commissuroplasty may be indicated when there is a macrostomia or a true #7
Tessier cleft. In older patients without prior treatment, the lowering of the affected
oral commissure is less successful than when mandibular distraction is performed in
the younger patient.

The literature dealing with mandibular distraction in the treatment of unilateral
craniofacial microsomia is less than robust. Regrettably, case reports are lacking
adequate sample size and longitudinal follow-up.

Relapse during the early postoperative year is a loosely defined term often inac-
curately used to describe a tendency for diminished post-distraction growth of the
mandible on the affected side [58]. Others argue that distraction osteogenesis is not
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effective over the long term. Despite initial improvement in skeletal morphology,
patients tend to “relapse” with growth and development. One study showed 90%
recurrence with a mean postsurgical time of 44 months; however, the study lacked
objective data such as cephalometric studies, and follow-up was limited to only
clinical examination [59]. Another study of 26 patients with follow-up of 11 years
reported that after distraction, mandibular horizontal and vertical changes had an
eventual return to baseline [60]; however, the authors failed to document a clinical
commitment to obtain overcorrection before discontinuing activation. Oral commis-
sure symmetry (not overcorrection) was the accepted endpoint, and there was no
mention of the position of the chin point or the use of post-distraction orthodontic
treatment to manage the posterior open bite following unilateral mandibular distrac-
tion. In a systematic review, another group reported that the surgical treatment of
craniofacial microsomia is patient and not treatment dependent; however, this study
suffers the same study deficiencies noted above [61]. Another report showed no
statistical evidence to support early distraction osteogenesis in unilateral craniofa-
cial microsomia and therefore questioned the rationale for treatment [62], but this
paper also was limited by a variable length of follow-up, lack of strict definition of
indications, and failure to employ the Pruzansky-Kaban classification or the use of
orthodontic therapy.

In a recent long-term report of 19 growing patients with mild to moderate defor-
mity undergoing unilateral mandibular distraction from the NYU Craniofacial
Group [63], 12 patients reached skeletal maturity with satisfactory skeletal and soft
tissue position and without any additional therapy (see Figs. 3.28, 3.29, and 3.30).
The study documented the critical treatment factors contributing to successful dis-
traction in this unique patient population: overcorrection and rigorous orthodontic
therapy to deal with the posterior open bite and maxillary dentoalveolar deficiency.
Moreover, while some patients may show “relapse,” they still maintain satisfactory
results provided there is significant overcorrection at the time of the primary distrac-
tion. While many patients may require secondary surgery when they reach skeletal
maturity, the impact of improved appearance in the growing child during the critical
years of psychosocial development cannot be overemphasized (Fig. 3.31). Moreover,
early distraction does not impact negatively on the volume of bone stock available
for secondary or definitive orthognathic surgery. Previous studies have demon-
strated that mandibular bone volume is increased after distraction, and there is an
associated, albeit variable, improvement in soft tissue anatomy [64, 65]. It remains
for craniofacial centers to conduct prospective, well-documented studies on patients
undergoing unilateral mandibular distraction and to maintain a strict treatment pro-
tocol with specific guidelines for overcorrection and rigorous orthodontic post-
distraction management.
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Fig. 3.31 Longitudinal follow-up after unilateral mandibular distraction. (a) A 7-year-old male
with left-sided craniofacial microsomia. (b) At the completion of activation (semi-buried device).
(¢) Appearance 4 years postoperative. (d) Appearance after Le Fort I osteotomy and bilateral ramal
osteotomies (bone graft insertion on left side). An osseous genioplasty was also performed
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Mandibular Distraction, Orthodontic
Considerations

Pradip R. Shetye and Barry H. Grayson

4.1 Introduction

Mandibular distraction has been successfully used to correct mandibular hypoplasia
in all three dimensions since its introduction in 1989 by McCarthy and NYU col-
leagues [1]. Patients with craniofacial microsomia, Nager syndrome, Treacher
Collins syndrome, Robin sequence, temporomandibular joint ankylosis, posttrau-
matic growth disturbances, and a variety of other mandibular developmental distur-
bances have significantly benefited from this technique. As with traditional
orthognathic surgery, pre- and post-distraction orthodontic therapy is an integral
part of the successful outcome of distraction. The goals of pre- and post-distraction
orthodontics therapy include the following: preoperative evaluation of the craniofa-
cial skeletal and dental relationships, preparation of the dentition prior to the place-
ment of a distraction device, collaboration with the surgeon on the placement of the
distraction device for the optimal vector of distraction, monitoring of the skeletal
changes during the activation phase, molding of the generate during the activation
and consolidation phase, the management of post-distraction occlusion for long-
term stability, and continued longitudinal follow-up.

4.2  Preoperative Evaluation

Patients planning to undergo mandibular distraction must first have a comprehen-
sive craniofacial dental and skeletal evaluation. The soft and hard tissues should be
examined, including the upper and lower lip relationship, occlusal cant, interocclu-
sal relationships, mandibular range of motion, inter-incisal opening, and path of
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mandibular opening and closing. The function of the temporomandibular joint,
along with motor and sensory nerve function, should also be examined. The patient
must be seen by a dentist to rule out dental decay and reinforce satisfactory oral
hygiene during and after distraction process.

4.2.1 Diagnostic Records

The craniofacial skeletal relationship should be documented with medical-grade CT
or cone beam CT (CBCT). three-dimensional (3D) and 2D photographs, and dental
study models. With current orthodontic imaging software, such as Dolphin, a tradi-
tional lateral cephalogram, panorex, and posterioanterior cephalogram can be gen-
erated from a 3D CT or CBCT scan. These records become important tools in
evaluating a patient’s craniofacial morphology as well as in planning the placement
of a distraction device with an optimal vector.

4.3 Selection of Distraction Device

Two types of distraction devices are available: external and semiburied distraction
devices. The external distraction device is advantageous in a severely hypoplastic
mandible and in a patient who has had his or her mandible reconstructed using a
bone graft. The main disadvantages of the external distraction device are scar for-
mation, obvious visibility and vulnerability to traumatic dislodgement. The use of
the semiburied distraction technique reduces the scarring burden. Moreover, there is
also a mechanical advantage: the distraction force is directly transferred to the
underlying bone due to the close proximity of the distraction device to the bone. It
is also ideally suited for optimal device placement for a vertical vector. The most
common disadvantage of the semiburied distraction device is that the device cannot
be used if the mandible remnant is extremely hypoplastic [2].

4.4  Pre-distraction Orthodontic Therapy

Following a clinical examination and the evaluation of the diagnostic records,
patients are prepared orthodontically for the placement of distraction devices. Prior
to device placement, a patient may require decompensation of his or her malocclu-
sion. This may include maxillary and mandibular arch coordination, dental arch
alignment, and the uprighting of the maxillary and mandibular anterior teeth. A
patient with a mandibular deficiency often has narrow transverse maxillary width. If
a maxillary transverse deficiency is noted, it is important to correct the transverse
deficiency with maxillary expansion prior to mandibular distraction. Prior correc-
tion of the transverse maxillary deficiency allows for more optimal and stable
maxillo-mandibular occlusal relationship following completion of the distraction
process (Fig. 4.1).
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Fig. 4.1 (a-c) Panoramic radiograph series before (a), during (b), and after (¢) the left-side uni-
lateral mandibular distraction. Note that the patient has a maxillary expansion appliance, and a
tooth bud was enucleated 6 months prior to making the osteotomy and device placement. Following
device removal, there is a resulting posterior open bite on the operated side

One of the challenges in the placement of a distraction device in a growing child
is the location of the developing mandibular second and third molar tooth buds. As
the location of the tooth buds may not allow sufficient bone to perform the osteot-
omy and to secure the distraction device, the tooth follicles may be enucleated at
least 6 months prior to distraction device placement. This allows adequate time for
the formation of new bone in the site of the enucleation (Fig. 4.1).

4.5 Selection of Vectors of Distraction

For an optimal result, it is important that the distraction devices are placed with
proper vectors in order to create favorable bony morphology during activation. A
successful distraction is dependent on careful preoperative planning and accurate
prediction of outcomes [3-5]. The device orientation is described in relation to the
stable and unmoving maxillary occlusal plane.

4.5.1 Horizontal Vector Device Placement

The distraction device is placed parallel to the maxillary occlusal plane (Fig. 4.2).
The horizontal vector of distraction produces a marked mandibular midline shift but
minimal elongation of the affected ramus. It is especially indicated in the patient
with Robin sequence.
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4.5.2 Vertical Vector Device Placement

Vertical device placement promotes increase in the vertical ramus height, and there-
fore, this type of placement is ideal for patients with vertical ramus deficiency, as in
craniofacial microsomia and Treacher Collins syndrome (Fig. 4.2). A vertical vector
of distraction results in a minimal mandibular midline shift but marked ramus elon-
gation [5]. There is a counterclockwise rotation of the mandible with consequent
projection of the pogonion. After the completion of unilateral distraction, the patient
will develop a lateral open bite on the side of the distraction, and in bilateral patients,
there will be a tendency to develop a bilateral open bite. This opening has to be man-
aged orthodontically by using bite-block therapy following distraction.

4,5.3 Oblique Vector Device Placement

Oblique device placement results in an increase in both the vertical and horizontal
dimensions of the ramus and the body (Fig. 4.2). An oblique vector of distraction
produces an intermediate amount of ramus lengthening and a marked amount of a
mandibular midline shift [5].

4.6 3D Planning of Distraction

With current digital technology and the use of a 3D CT scan, it is now possible to
virtually simulate the placement of a distraction device as well as the distraction
vector. The 3D CT provides a visualization of the inferior alveolar nerve, the tooth
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buds, and the roots of developing teeth. The planning software has a library of vir-
tual distraction devices of different shapes and sizes, and the surgeon can select the
appropriate distraction device based on the anatomy of the mandible and the spe-
cific requirements of the patients. Cutting guides and distraction placement guides
can be constructed from a pretreatment CT scan for a more accurate placement of a
distraction device. However, the simulation of the distraction and the actual result
may vary, as soft tissue resistance and muscle pull cannot be accurately predicted.

4.7  Orthodontic Therapy During the Activation Phase

Following surgical osteotomy and fixation of the device, a latency period of 5-6
days is observed prior to the start of the activation phase. During the activation
phase, the device is activated at a rate of 1 mm per day (rthythm of 0.5 mm twice a
day). Activation is continued until the clinical goals are achieved for each individual
patient. A unilateral mandibular distraction involves the lowering of the affected
oral commissure, the movement of the chin point to the midline or beyond (espe-
cially in a young patient), and the leveling or lowering of the ipsilateral occlusal
plane (Fig. 4.3). Overcorrection is recommended to account for future relapse and
lack of mandibular growth. In bilateral mandibular distraction, care should be taken

Fig. 4.3 (a, b) Frontal view of a patient before (a) and following (b) left-sided unilateral man-
dibular distraction. Note the overcorrection accomplished by moving the chin to the contralateral
side and lowering of the affected oral commissure and inferior mandibular border
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Fig. 4.4 (a) Intraoral view of a patient undergoing left-sided unilateral mandibular distraction.
Cross tongue elastics are used to redirect the vectors of distraction noting the resulting posterior
open bite. (b) Intraoral view demonstrating placement of a orthodontic acrylic bite block to stabi-
lize the lateral open bite formed secondary to device activation (unilateral). (¢) Over the following
year, the bite block is gradually reduced to allow for supra-eruption of the maxillary teeth to fill the
void

so that both devices are activated equally. After the completion of activation, the
mean consolidation period is approximately 8 weeks before the devices are removed
in the operating room.

During the activation phase, the vectors of distraction need to be progressively
monitored. Because of unfavorable muscle pull and soft tissue resistance, the bony
segments may not displace in the anticipated direction. This tendency can be overcome
by adding orthodontic elastics to redirect the vectors of distraction in a favorable direc-
tion. To enable the placement of elastics, one can use orthodontic brackets, bonded
orthodontic splits with hooks, or temporary anchorage devices. The placement of orth-
odontic attachments in primary and permanent dentition is easily accomplished. For a
patient with multiple missing teeth or short clinical crowns, bonding an acrylic splint
with hooks may be preferred. An alternative technique is the use of temporary anchor-
age devices (TADS). Elastics can then be placed directly on the TADS. Intermaxillary
elastics can efficiently modify the vector of distraction to achieve the desired skeletal
movements and a reasonable dental occlusal relationship (Fig. 4.4).

4.7.1 Molding of the Generate

Animal studies and clinical investigations have suggested that the bony generate can
be successfully “molded” during the activation and consolidation phase of mandibu-
lar distraction [6, 7]. The generate can be molded with the use of intermaxillary/
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interdental elastics. When using elastic traction to close an anterior open bite, care
must be taken to minimize the extrusion of individual teeth by distributing the force
over the entire dental arch, especially the basilar portions of the jaws. To prevent
unwanted dentoalveolar changes from occurring during elastic traction, skeletal
rather than dental fixation of the elastics is recommended. Intrusive mechanics may
be incorporated into the orthodontic appliances to balance the extrusive force by the
molding elastics. TAD screws inserted in the basilar portion of the mandible and
maxilla for retention of rubber bands are effective in molding the generate. The
molding of the regenerate can be successfully accomplished not only during device
activation but also early in the consolidation period [8].

4.8 Orthodontic Therapy During the Consolidation Phase

During the consolidation phase of a distraction, it is important to maintain the sta-
bility of the newly distracted bone. The consolidation phase is approximately 8
weeks in length. During this phase, if a patient following unilateral mandibular
distraction has developed a posterior open bite, a stabilizing bite block appliance
must be fabricated. A bite registration will be needed to mount the study models to
the new post-distraction occlusion. The mounted models will be used to construct
the appliance that will fit passively to the upper and lower dentition. The bite-bock
appliance, made of acrylic, provides occlusal contact in the areas where the maxil-
lary and mandibular teeth are not touching (Fig. 4.4). Thus, it serves to provide
balanced posterior occlusion while at the same time relieving compressive force on
the newly created generate. The occlusal bite block can be removable and attached
with clasps or bonded to the teeth with orthodontic cement. A removal appliance
has the advantage of being able to be removed for oral hygiene and laboratory
adjustment.

4.9 Orthodontic Therapy Post-Consolidation Phase

When undergoing a unilateral mandibular distraction, the patient often develops a
lateral open bite secondary to a vertical ramus elongation. The open bite should be
corrected after the consolidation period of distraction by allowing supra-eruption of
the maxillary teeth (Fig. 4.5) while preventing supra-eruption of the mandibular
teeth. Passive eruption is accomplished by progressively reducing the acrylic on the
bite block under the occlusal surface of the maxillary dentition, allowing the latter
to supra-erupt downward towards the mandibular occlusal plane. Active eruption is
accomplished by placing fixed braces on the primary and adult teeth. Vertical elas-
tics can be used to extrude the teeth to close the open bite. However, caution must
be used to selectively achieve eruption of the maxillary dentition downward towards
the mandibular occlusal plane. The process of closing the open bite may take 6
months to 1 year. After the closure of the open bite, the orthodontic appliance can
be removed, and the patient can be followed up for future growth.
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Fig.4.5 (a) Left lateral open bite secondary to the vertical ramus lengthening after left unilateral
mandibular distraction. (b) The open bite corrected after the consolidation period by allowing
supra-eruption of the maxillary teeth while preventing supra-eruption of the mandibular teeth. (c)
Bite block in position during consolidation period. (d) Passive eruption is accomplished by pro-
gressively reducing the acrylic on the bite block under the occlusal surface of the maxillary denti-
tion, allowing the latter to supra-erupt downward towards the mandibular occlusal plane to close
the open bite

4,10 Long-Term Outcome of Mandibular Distraction

In a retrospective longitudinal study of 12 consecutive growing children (N = 9
males, N = 3 females) with unilateral craniofacial microsomia, who underwent
mandibular distraction, long-term skeletal stability and growth were recorded [9].
They had a range of 5-10 years of post-distraction follow-up. Records included
clinical photographs, dental study models, lateral and posteroanterior (PA) cephalo-
grams, and panoramic radiographs obtained before distraction, at the time of device
removal, and 1, 5, and 10 years post distraction. The mean age of patients at the time
of distraction was 48 months. The device was activated an average of 21.7 mm at the
rate of 1 mm per day. The mean latency period was 6.1 days, and the consolidation
period was 60.6 days. Post distraction, all patients underwent orthodontic treatment
with bite-block therapy to close the posterior open bite by bringing the maxillary
occlusal plane down to the mandibular occlusal plane. Fifty-two parameters were
examined at each of the five time intervals. The result showed on average that the
ramal length (Co-Go) increased 13.04 mm in the distracted rami.
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At 1 year following distraction, this dimension decreased by 3.46 mm. The study
concluded that mandibular distraction in growing children with unilateral craniofacial
microsomia, on average, increased the ramal length by 13.04 mm, which was reduced
by 3.46 mm during the first year following distraction. This loss of 3.46 mm may be
aresult of the reduction in the length or volume of the generated bone or the remodel-
ing of the landmarks condylion and gonion, both of which are used to measure the
ramus height. Our observations have suggested that these landmarks are remodeled
due to the changes in the direction of the soft tissue muscle pull on the mandible. To
understand the actual relapse of the distracted bone independently of local surface
remodeling, it would be necessary to place bone markers near the distal and proximal
areas of the distracted bone and use these as landmarks for measurement. It must be
emphasized that the remodeling of the condyle and gonion (the key cephalometric
reference points) gives an exaggerated representation of “relapse” [9].

At 5 and 10 years following distraction, the average Co-Go dimension increased
by 3.83 and 3.10 mm, respectively, with an average growth rate of 0.77 mm per
year; during the same period, the unaffected ramus grew 1.3 mm per year. The dis-
traction technique does not eliminate the inherent growth characteristics of the
affected mandibular side. The facial asymmetry is significantly improved following
distraction, and despite a mild relapse observed during the first year, the surgical
correction is stable in the later years of follow-up. However, due to the intrinsic dif-
ferences in growth rate of the affected and unaffected mandibular rami, the post-
distraction symmetry may change over time.

The findings suggest that the primary mandibular distraction should be contin-
ued until there is evidence of overcorrection, i.e., chin point driven to the unaffected
side. Early distraction definitely reduces the severity of the deformity, promotes
psychosocial functioning, and makes secondary correction a less extensive and
challenging procedure.

A recent long-term follow-up study demonstrated that mandibular distraction
is successful in patients with mild to moderate dysmorphism provided there is a
comprehensive clinical program emphasizing adequate mandibular bone stock,
proper vector selection, planned overcorrection, and comprehensive orthodontic
involvement [10].

Pearls and Pitfalls

* Opvercorrection in the growing child.

* Observe the endpoints of activation.

* Management of ipsilateral open bite with bite blocks and cross elastics.

* Molding of generate during activation and consolidation.

* Consider extraction of teeth/tooth buds where the bone is insufficient for
optimal device placement.

* Long-term follow-up is essential.

» Distinguish between true relapse and differences in growth rate of the
affected and unaffected mandibular sides.
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Intraoral Mandibular Distraction

Cesar A. Guerrero, William H. Bell, Gisela I. Contasti-Bocco,
Aura M. Rodriguez, and Rafael V. Contasti

The aim of this chapter is to review the indications and biomechanics of intraoral
mandibular distraction and focus on the clinical outcomes and innovations utilizing
intraoral distraction devices.

The key variables with mandibular distraction remain the following: controlling
the vector of distraction, determination of the ideal distraction site, selection of the
proper distraction device, optimization of the regenerate, management of postopera-
tive occlusion, and avoidance of possible damage to nerves, muscles, and teeth.
Studies on long-term follow-up of these surgical interventions permit the clinicians
to develop predictable surgical protocols for patients with severe malformations or
deformations.
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5.1 Mandibular Widening by Distraction

Severe dental crowding is usually a component of a micrognathia, including a defi-
ciency in the three planes of space: anteroposterior, transverse, and vertical. During
childhood, the deformity may cause severe airway obstruction, limitations in feed-
ing, and temporomandibular joint disorder (TMJD). Most patients with light or
moderate deficiencies are currently treated by orthodontics alone with limited
results, teeth moved outside the alveolar bone, gingival recession, premolar extrac-
tions, and unsatisfactory facial esthetics and smile [1-5].
Indications [2, 5-7]:

e Narrow V-shaped mandible

* Severe mandibular crowding to avoid dental extractions

e Scissor bite (Brodie syndrome)

e Maxillomandibular transverse deficiency (“tunnel smile,” “crocodile bite™)
* Impacted anterior teeth

* Treatment after bicuspid extractions

* Congenital absence of the teeth

5.1.1 Preoperative Assessment

5.1.1.1 Dental Model Analysis

The amount of widening required is calculated according to the following variables:
available space versus required space, inclination of the incisors (1 MPa = 90°),
deep bite, or a marked curve of Spee, intermolar width, and size of the incisors.

5.1.1.2 Soft Tissue Skeletal Analysis

There should be a healthy periodontium around the teeth where the osteotomy will
be performed, with at least | mm of the bone protecting the roots on either side of
the osteotomy, to produce bone generate in the distraction process. The lack of bone
at the osteotomy level can lead to delayed healing or periodontal defects. The oste-
otomy design and site are selected based on bone quantity between the roots and the
inclination of the teeth. A Bolton discrepancy analysis is also performed to calculate
the amount of widening required and to predict the final maxillomandibular anterior
teeth overjet and overbite [6—10].

5.1.2 Surgical Planning

A variety of devices for mandibular widening have been developed. The tooth-
borne lingual appliance or the uni-arm devices are the best options. The recently
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developed uni-arm device can be applied on the buccal or the lingual side [2—10].
The bone-borne device to widen the mandible has limited use because of associ-
ated costs and the need for a secondary stage for device removal; equal surgical
outcomes can be obtained with dental-borne, bone-borne, or hybrid devices
[5-10].

To avoid complications with the dental-borne appliance during or after surgery,
several steps are fundamental to prevent device dislodgment. First, dental bands
are selected one size larger than indicated, because in the welding process, the
metal bands contract. Second, the orthodontist must place the device under the
equator of the teeth, closer to the gingival margin. Third, the device must be fixed
to the teeth-utilizing glass ionomer cement. Fourth, attention must be given to the
passiveness of the dental-borne appliance as well as to the parallelism to the
occlusal plane [10, 11].

Presurgical orthodontic therapy includes complete maxillary arch alignment and
leveling. After the maxillary teeth are ideally positioned, a final diagnosis and
reevaluation are made to plan the deconstructed mandibular arch as wide as the new
maxillary alignment. Until that time, no braces are placed on the mandible unless
there is a need to open an interdental space for the osteotomy to avoid damaging the
dental roots. The orthodontist selects the optimal appliance according to the require-
ments already mentioned and, more importantly, calculates the amount of widening
required, as based on the occlusogram. Finally, the proper distraction screw length
is selected [10, 11].

For maxillary widening, the maxilla is expanded anteriorly and posteriorly. The
hyrax appliance will expand the maxilla symmetrically, provided that all osteoto-
mies are completed [12—-14] (Fig. 5.1). A different scenario occurs in mandibular
widening. While the mandible is widened anteriorly, the distance decreases in a
posterior direction, for example, from 7 mm widening in the incisor region to only
0.9 mm at the intercondylar level. Postoperatively a transverse crossbite is observed
at the level of the canines and premolars that progresses to edge to edge at the first
molar region and normal transverse bite at the second molar level. As the orthodon-
tist is closing the anterior gap, the lateral crossbite is corrected (Fig. 5.1). The plan-
ning must include all measurements that can be predicted in the models and
occlusograms [10-14].

Major mandibular crowding (Brodie bites) requires larger surgical movements.
Large mandibular widening must be accompanied with a similar maxillary widen-
ing to obtain an optimal transverse maxillomandibular relation to prevent premolar
extractions, improve the smile width, and eliminate the “sinking lips” appearance.
The latter is observed following orthodontic therapy and premolar extractions. The
NiTi arches are widely used in orthodontic therapy and are thermically activated to
progressively move the teeth outside the alveolar bone limits. Gingival recession
and root resorption can be avoided with proper diagnosis and increasing bone vol-
ume by mandibular widening [10-13].
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Fig. 5.1 Transverse or horizontal deficiency in a 11-year-old female. Treatment plan included
mandibular osteotomy for distraction expansion. Total orthodontic surgical treatment time was
12 months. (a) Preoperative. (b) Postoperative frontal facial views are shown (c) 4 years follow up.
(d—e) Vertical osteotomy of mandible for mandibular widening. (f) Mandibular occlusal view
showing transverse deficiency and during activation. (g) Orthodontics alignment. (h) Mandibular
view during orthodontic therapy (i) Posttreatment mandibular occlusal view with dental restora-
tion. (j) Pretreatment intraoral frontal view. (k) Intraoral frontal view during activation. (I)
Posttreatment intraoral view. (m) Pretreatment panoramic radiograph. (m) Posttreatment pan-
oramic radiograph. (o) Panoramic radiograph 7 years follow-up
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5.1.3 Widening the Symphysis or Parasymphyseal Region

The incision is made 4—-6 mm labial to the depth of the mandibular vestibule. The
periosteum is reflected inferiorly to the lower border of the mandible, and a small
channel retractor is placed. It is carefully elevated, keeping in mind that much of the
bony generation originates from the periosteum. The soft tissue between the man-
dibular central incisors is reflected superiorly with a skin hook to the alveolar crest
with minimal detachment of the neighboring tissues [8—10] (See Fig. 5.1).

A vertical osteotomy is made in the symphyseal area with a reciprocating saw,
starting at the inferior border of the mandible, continuing to the interdental space
between the apices of the mandibular incisors, only in the outer cortex, to avoid
interdental overheating. A straight hand piece with a surgical bur is used to cut
across the labial cortical plate of the mandible to the alveolar crest. No attempt is
made to use the saw or the bur between the roots of the teeth. This surgical maneu-
ver emphasizes the importance of proper selection of the distraction site and the
need for preoperative orthodontic therapy to open a surgical space. The final sec-
tioning is done with a mallet and a spatula osteotome. The forefinger should be used
as a guide to avoid tearing of the lingual soft tissues. An alternative osteotomy site
in severe dental crowding is between the lateral incisor and canine. The osteotomy
needs to be completed interdentally and continued toward the mandibular midline.
A step in the osteotomy design is preferred since a complete vertical lateral
osteotomy would create an asymmetric chin as the mandible is widened [8-10]
(See Fig. 5.1).

5.1.4 Combined Mandibular Widening and Genioplasty

After the soft tissues have been elevated, a channel retractor is placed through a tun-
nel under the mental nerve to the level of the first molar. A dental caliper is used to
measure the canine from the lateral cephalograms, and the distance plus 5 mm is
transposed to the mandible, measuring from the incisal edge to a position under the
apex of the canine on either side. Vertical lines are marked to serve as reference
lines. A reciprocating saw is used to perform a bicortical osteotomy at the inferior
border of the mandible starting at the first or second molar region, continuing ante-
riorly toward the symphyseal midline and passing by the reference lines. Care must
be taken to avoid injury of the alveolar nerve. The osteotomy is completed with the
reciprocating saw [8—10] (See Fig. 5.1).

At this point, the inferior segment is attached to the soft tissues. It is important to
maintain this pedicle at all times, limiting the periosteal elevation to a minimum.
The remainder of the mandibular symphysis is intact at this moment. The recipro-
cating saw is used to perform a vertical osteotomy at the preselected distraction site.
The remainder of the surgical procedure is done as previously described. Genioplasty
fixation is accomplished with wires, screws, or plates; a periosteal elevator is used
to create a gap at the distraction site between the two bone segments to be distracted.
By forcing them open while the wires are tightened or plates are fixated, the site will
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Fig. 5.2 Same patient as in Fig. 5.1. Space was created for descent of the right upper central inci-
sor. Progressive maxillary expansion dictated simultaneous mandibular widening. (a) Pretreatment
intraoral view. (b) Intraoral view during activation. (c¢) Posttreatment intraoral view. Note the sat-
isfactory occlusion; a lower central incisor was removed secondary to Bolton’s discrepancy.
(d) Pretreatment panoramic radiograph. (e) Panoramic radiograph during treatment (f)
Posttreatment panoramic radiograph 25 years later

have a triangular shape at the end of the procedure with an open base at the bottom.
After the distraction appliance is activated, the interdental space opens, and the
triangular-shaped space transforms into a vertical rectangle (Figs. 5.1 and 5.2).

5.1.5 Distraction Protocol [2, 5, 7-13]

1. Osteotomy: the bone is completely separated either with a reciprocating saw or
small fissure bur, under abundant irrigation to avoid overheating. The final sepa-
ration is done with a small chisel after fixating the distraction device and pre-
venting fragment displacement.

2. Latency period: 7 days after the osteotomy is performed, the distraction device is
activated.
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3. Rate and rhythm: the device is activated 1 mm a day, or half a millimeter twice a
day, until the desired activation is completed.

4. Consolidation: the distraction device remains in place 60 days for each centime-
ter of distraction.

5. Remodeling: this is the final distraction protocol phase, when function and inter-
maxillary elastics may mold the regenerate, and the muscles and associated soft
tissues settle into the final bone healing stage.

5.1.6 Variables

There are four important variables in distraction osteogenesis: age of the patient,
amount of skeletal movement, and quality and quantity of the bone. These variables
will influence the distraction protocol; children may require a shorter latency period;
an older patient would need an activation rate of half a millimeter per day, and larger
movements require much longer consolidation periods, up to 12 months in large
movements.

5.1.7 Postoperative Care

At the completion of the distraction process, acrylic is placed over the distraction
rod and the wires around the teeth to provide more rigidity and allow the patient
to advance to a soft diet. At this time also, the orthodontist adds a cosmetic acrylic
tooth in the orthodontic arch to prevent the teeth from “walking” into the imma-
ture distraction area. After consolidation is achieved, the appliance is removed,
and the clinician evaluates the radiographs for evidence of mineralization. The
orthodontist continues the treatment. The interdental incisor distraction gap is
filled with a plastic tooth which is reduced 0.5 mm a month from each interproxi-
mal surface (I mm) to progressively close the distraction gap and complete the
orthodontic treatment. The orthodontic treatment is resumed 60 days after sur-
gery, and braces are maintained for at least 6 months. The occlusion is carefully
finished, and standard retention is indicated. The orthodontist must avoid moving
the teeth into the newly formed bone at the distraction zone. The transseptal fibers
will pull the adjacent teeth to the distraction zone and could produce periodontal
problems and loss of tooth vitality. It is advised to utilize wire ligatures to main-
tain the teeth in position during the consolidation period. After mineralization is
seen in the radiographs, the teeth are moved 1 mm per month to close the inter-
dental space (Fig. 5.2).

5.2 Mandibular Lengthening by Distraction

Virtual analysis, 3-D models, and virtual prediction have become standard tools in
making the diagnosis, planning the treatment protocol, and communicating among
the orthodontist, surgeon, patient, and family.
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In intraoral distraction complex three-dimensional, movements are possible and
predictable. Since surgical goals are often multidimensional, more than a single
distraction device and vector change may be needed to correct the myriad of clinical
presentations of mandibular deficiency. Precise preoperative planning must con-
sider the biomechanical effect of appliance orientation for predictable widening and
lengthening of the mandible [15-19].

5.2.1 Clinical Indications

Major mandibular 3-D deficiencies

TM]J degenerative joint disease

Sleep apnea

Inadequate mandibular anatomy for bilateral sagittal split osteotomy (BSSO)
Secondary mandibular advancements (relapse after conventional BSSO)
Children with severe mandibular deformities

AN

5.2.2 Surgical Procedures [19-26]

1. Sagittal split ramus osteotomy

2. Body osteotomy

3. Horizontal ramus osteotomy

4. Combinations (vertical and horizontal lengthening)

5.2.2.1 Ramus Sagittal Split Osteotomy [19-25]

A standard sagittal split osteotomy is performed. An intermediate splint is used, and
intermaxillary fixation is applied either to the orthodontic hooks or bone screws.
Proximal segment fixation is temporarily achieved with one or two bicortical screws.
The wound is closed, and the distraction device is transmucosally fixated. After
adequate device stability is obtained, the mandibular provisional bicortical screws
fixation are removed (Fig. 5.3). The advantage of having the appliance extra-
mucosal is that the distraction zone will be watertight closed. It is also easier to
remove the device at the end of the consolidation period.

For patients requiring bilateral advancement, the distraction device must be par-
allel to the vector of distraction, as the mandible is wider in the back and narrower
in the front. An adjustment is made to the device by creating a step of 5-8 mm to
compensate for this important variation in mandibular width. This maneuver is done
to avoid placing lateral torque force against the condyle, loosening of the screws,
and bending of the appliance (Figs. 5.4 and 5.5).
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Fig. 5.3 A 2-year-old female with micrognathia and obstructive sleep apnea (OSA) treated by
mandibular lengthening via distraction. (a—d) Preoperative and postoperative frontal view extending
to 17 years follow up. (e-h) Preoperative and postoperative Profile view. (i) Percutaneous placement
of screw in intraoral distraction device. (j) Distraction devices in place (right). (k) Distraction
devices in place (left)

An anterior open bite could develop during the activation phase because of the
lack of parallelism between the occlusal plane and the distractor rod. After the
appliance is fully activated, the device arm is released, and the mandible is
rotated until the open bite is closed and replaced in the final acceptable occlusal
position. This maneuver is performed under IV sedation in the clinic. Lateral
cephalograms are essential to plan and evaluate the bony movements (Figs. 5.4
and 5.5).
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Fig.5.4 Same patient as in Fig. 5.3. (a) Panoramic radiograph preoperative. (b) Panoramic radio-
graph with devices in place and Erich arch fixation by circummandibular wires. (¢) Panoramic
radiograph at the completion of activation. (d) Panoramic radiograph 17 years after treatment. (e)
Intraoral view preoperative. (f) Intraoral view at the completion of activation. (g) Intraoral view
after orthodontic dental alignments. (h) Intraoral view 17 years after treatment. (i) Lateral cepha-
logram preoperative. Note the severe micrognathia and retroglossal airway obstruction. (j) Lateral
cephalogram with distraction devices in place. (k) Lateral cephalogram after distraction and during
orthodontic therapy. (I) Lateral cephalogram final result. Note the lengthening of the mandible and
expansion of the airway

5.2.2.2 Body Osteotomy (Anterior to the Mental Nerve) [19-26]

An incision is made in the vestibule, the periosteal layer elevated inferiorly, care-
fully looking for the mental nerve. A vertical osteotomy anterior to the mental nerve
is made between the canine and premolar or between the two premolars (Fig. 5.6).
The reciprocating saw is utilized to perform the osteotomy from the inferior border
of the mandible, aiming superiorly bicortically with the forefinger on the lingual
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Fig.5.5 A 17-year-old female with mandibular deficiency and temporomandibular joint degenerative
disease treated simultaneously with mandibular lengthening, mandibular widening. and genioplasty.
(a) Frontal view preoperative. (b) Frontal view postoperative. (¢) Frontal (smiling) view preoperative.
(d) Frontal (smiling) view postoperative. (e-h) Serial profile views. (i-1) Serial occlusal views (lateral).
(m-p) Serial lateral cephalograms. (q) Preoperative occlusal view (mandible). (r) Occlusal view
(mandible) with distraction devices in place. (s) Occlusal view (mandible) postoperative
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side to avoid mucosal perforation, up to the level of the dental roots. A fissure bur is
used to make a line of holes between the dental roots, and the holes are united, sec-
tioning the buccal plate under irrigation. A spatula osteotome and a mallet are used
to complete the osteotomy. An interdental wire, Bridle wire, around the neck of the
teeth, two on either side, is placed for temporary fixation. The wound is closed, and
the distraction device is fixed transmucosally with bicortical screws and interdental
wires reinforced with acrylic on top for stabilization at the teeth level to avoid dental
root damage (Fig. 5.6).

The indication for this technique is major anteroposterior movements, the
possibility to obtain a larger movement at the inferior border of the mandible and
a smaller movement between the teeth. The mandibular nerve is left intact, and
the technique improves the mandibular shape by changing the gonial angle
(Fig. 5.6). The new space created between the teeth is closed with orthodontics,
either by reciprocal movements or advancement of the posterior teeth anteriorly
from mini implants for elastics anchorage at the canine level. The distraction
chamber interdental space is closed by orthodontics mechanics (Fig. 5.6).

5.2.3 Postoperative Considerations

The distraction device should be removed only after ossification has been radio-
graphically documented.

5.2.4 Postsurgical Orthodontics

Class II elastics are indicated both during the activation and consolidation phases to
prevent reciprocal forces applied to the temporomandibular joints.

After the appliances are removed, the surgical arches are removed, and progres-
sive detailing of the ideal teeth positioning is obtained. It is recommended that the
orthodontic appliances are maintained for 12 months after surgery to ensure bone
consolidation and stability.

5.2.4.1 Horizontal Ramus Osteotomy [19-26]

A 3 cm incision is made over the mandibular oblique line. The periosteum, mus-
cles, and soft tissues are minimally detached to maintain the best blood supply
possible. A Kelley clamp is placed on the anterior border of the ramus as high as

<
<

Fig. 5.6 A 21-year-old female with severe mandibular deficiency and obstructive sleep apnea.
Bilateral mandibular distraction was performed (body osteotomy anterior to mental nerve).
(a) Frontal view preoperative. (b) Frontal view 5 years after distraction. (c¢) Lateral view preopera-
tive. (d) Lateral view after treatment. (e) Intraoral view pre-distraction. (f) Intraoral view post
distraction with orthodontic appliances. (g) Intraoral view posttreatment. (h—j) Intraoperative view
with distraction devices in place. A genioplasty and Le Fort I osteotomy were also performed
simultaneously. (k, I) Schematic outlines of osteotomy and distraction devices before and after
activation. (m) Lateral cephalogram before treatment. (n) Lateral cephalogram during distraction.
(0) 4 years after distraction
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possible, and an inferior border of the mandible retractor is placed just above the
inferior alveolar nerve at its entrance just superior to the lingua. A reciprocating
saw is used to perform the horizontal osteotomy, protecting the soft tissues working
within the periosteal envelope, from the posterior to the anterior border of the man-
dible. It is an incomplete osteotomy momentarily since the jaw should be in one
piece to ease placing the transcutaneous screws that fixate the distraction device.
The vertical distraction appliance is secured by bicortical screws through a percu-
taneous trocar. All distraction devices should be fixated before the osteotomy is
completed through. A small straight chisel and the use of a torque movement com-
plete the osteotomy.

5.2.4.2 Combinations

Combining body and ramus distraction allows the formation of the mandibular
angle and creates bony regenerate for dental crowding alignment. This is the authors’
preferred technique to treat unilateral and bilateral craniofacial microsomia or man-
dibular deficiency secondary to TMJ ankylosis. In these patients, the surgical goals
are to increase mandibular ramus height and mandibular body length and relieve
severe dental crowding.

The horizontal osteotomy is completed as previously described, and the wound
is closed leaving the distraction device completely buried (Fig. 5.7).

A second osteotomy site is selected, usually between the premolars and a posi-
tion anterior to the mental nerve. The reciprocating saw is used from the inferior
border of the mandible, carefully elevating the soft tissues to visualize the dental
roots or space between the premolars. The osteotomy is not completed, but the
wound is partially closed, leaving a little gap to exert rotational force with a chisel
to complete the osteotomy after placing the distraction device which is fixated with
bicortical screws in the inferior arms and usually interdental wires with acrylic for
reinforcement. The activation rod must exit at the level of the occlusal plane
(Fig. 5.7).

This surgical technique has two objectives: to obtain equal mandibular ramus
heights and to correct the severe anterior-posterior deficiency. These allow the
orthodontist to align the teeth and correct the dental midline. However, the chin
deformity and maxillary vertical issues need to be addressed at the time of distrac-
tion device removal. Children during active growth have little trouble treating
discrepancies in the maxilla by orthodontic means along, slowly and progres-
sively bringing the maxillary teeth into the new mandibular plane. Adults require
a maxillary Le Fort I osteotomy with inferior repositioning, fixation with titanium
plates, and vertical bone grafts obtained from the contralateral intact mandibular
ramus.

The consolidation period for large movements varies widely. The body osteot-
omy heals faster than the mandibular ramus distraction. Lengthening the ramus
requires a much longer mineralization period. Average time for a neonate is 8
months and up to 18 months in adults. Complex intraoral mandibular distraction is
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Fig.5.7 An 8-year-old male patient with TMJ ankylosis treated with unilateral mandibular (ramus
and body) distraction. (a) Frontal view pretreatment. (b) Frontal view immediately post distraction.
(c) Frontal view 10 years postoperative. (d) Lateral view pretreatment. (e) Lateral view immediately
post distraction and TMJ arthroplasty. (f) Lateral view after genioplasty. (g) Schematic of osteotomy
sites with position of distraction devices. (h) Outline of mandible and proposed submandibular inci-
sion. (i) Distraction device (ramus) inserted through submandibular incision. (j) Intraoral view
showing activation rod (k) Distraction device (body) inserted through intraoral incision. (I) Intraoral
view preoperative. (m) Intraoral view post distraction and during orthodontic therapy
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Fig. 5.8 Same patient as in Fig. 5.7. (a) Panoramic radiograph preoperative. Note the unilateral
TMIJ ankylosis. (b) Panoramic radiograph following activation of ramus and body distraction
devices. (¢) Panoramic radiograph showing TMJ implant. (d) Intraoral view preoperative.
(e) Intraoral view postoperative. Note the increase in interincisal opening

a stable surgical technique if the complete consolidation period is observed before
the distraction devices are removed (Fig. 5.8).

The surgeon must have the ability to change the final position of the distal
segment after the activation phase is complete. Large mandibular disharmonies
should not be treated by orthodontic therapy alone, since this type of dental
movement can result in inadvertent relapse and periodontal defects and tooth
loss. Change of the vector during activation or early consolidation period is a
safe way to close an anterior or posterior open bite. Increasing the activation
unilaterally could correct a deviated midline or mandibular asymmetry. After the
activation phase is completed and the patient reaches a class I position with an
adequate mandibular projection, the occlusion is carefully evaluated, and a deci-
sion to change the distal fragment is taken. The patient is placed under IV seda-
tion, and local anesthetics are injected. Removing selected screws bilaterally
disconnects the superior arms of the distraction device, maintaining one single
bicortical screw on either side of the inferior arms to maintain the inferior border
of the mandible lengthening. After reducing the interdental gap by contracting
the segments superiorly, but not inferiorly, following screw removal, the mandi-
ble is digitally rotated around the inferior screw, changing the distal segment
inclination. The 1 MPa changes from the 100s to the 80s as the segment rotates,
and the distraction zone decreases in size between the teeth. The anterior open
bite closes, and pogonion position is projected.

Orthodontic therapy is resumed 3 months after surgery, since large distractions
require longer consolidation times. Orthodontic micro-implants may be needed to
provide anchorage for large anterior movement of the molars to close the created
interdental gap by moving the teeth anteriorly. These distraction techniques are pre-
dictable and stable, allowing major combined movements of 20-30 mm in each
direction. Distraction osteogenesis is indicated for these clinical situations, whereas
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traditional orthognathic surgery would offer only limited outcomes, relapse, insta-
bility, or failures (see Figs. 5.7 and 5.8).

5.3  Bone Transport by Intraoral Distraction
5.3.1 Indications

e Medically compromised patients in whom major bone grafts are not indicated

* As an alternative for secondary surgery after an unsuccessful bone graft
reconstruction

* Following removal of benign tumors or malignancies not requiring radiation

» Reconstruction of gunshot wound defects

* Management of osteomyelitis

e Treatment of malunions/nonunions

Bone transport is the concept of creating bone and soft tissues employing the
principles of distraction osteogenesis. Osteotomies are made, and distraction devices
are applied, following the distraction osteogenesis protocol. Depending on the num-
ber of surgical sites for the reconstruction, it could be classified as bifocal, trifocal,
tetrafocal, and pentafocal [27-31]. Planning several segments to create an ideal
mandibular shape is key to reduce treatment time, to obtain ideal height and width,
and to create the optimal implant bone for dental implants.

In order to unite the transplant and receiving bones, the intervening tissue must
be removed and either compressed or cancellous bone graft inserted—docking site
surgery. An adequate time is required for consolidation and final bone remodeling,
approximately 60 days for each centimeter of distraction [32, 33].

The mandible is basically five different straight lines structure, with two rami,
two bodies, and one symphysis. Multi-segment bone transport allows the creation of
the adequate curves and angles with the height and width necessary for dental
implant insertion [31-33].

Serial radiographs are useful to visualize bone formation and mineralization,
to remove the distraction appliances, and to insert dental implants for dental
rehabilitation [31-35].

5.3.2 Preoperative Planning

Stereolithographic models, CT scans, and panoramic and cephalometric radio-
graphs are used for surgical planning and prediction. The 3-D model is useful
for complex reconstructions, and the anatomical model of the defect is essential
to provide the exact measurements for pre-bending of the reconstruction plate,
application of the devices, distraction vector planning, and location of the
SCrews.
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5.3.3 Principles

1. Because the distraction occurs in a linear plane, from point A to point B, the
distraction zone will form the bone in a straight line. The elongated collagen
fibers progressively mineralize in the months after surgery to convert into calci-
fied bone.

2. The size of the transport disc plays an important role in large reconstructions,
especially when the symphysis is involved. Multiple discs can be activated
simultaneously, or continuous distraction stages could be performed, having
the initial disc subdivided, to be transported in different directions or
vectors.

3. The “hourglass” effect is formed if a single-bone disc is traveling over a long
distance, or if the original thickness is not sufficient to create adequate volume.
The disc must be at least 1.5-2.0 cm in thickness, height, and length.

4. The soft tissues also advance and create soft tissues while the bone is being
transported. This is important because it includes the musculature and other soft
tissues. Keratinized thick and resistant gingiva are required around the dental
implants, and the adjacent gingival tissues are re-created.

5. When bone transport involves the symphyseal bone, a genioplasty must be
considered to maintain symmetry of the chin.

5.3.4 Multifocal Distraction [35-37]

The concept of multifocal distraction is based on the use of multiple bone discs to
repair the defect and allow rigid fixation to maintain the segments in place.

The reconstruction plate is placed holding the remaining bone segments in
the correct position with at least three bicortical screws on each segment. For
defects including the body and half or all of the symphyseal area, a complete
side-to-side reconstruction plate is indicated. The distraction device travels on
top of the plate for vector control, and it is placed supra-periosteally in order to
prevent contamination with food and saliva. The biological principles of peri-
osteal nutrition must be maintained. Major angle-to-angle reconstructions are
performed in either several stages or using a multi-osteotomies/multidiscs
concept.

First stage: the tumor is resected after fixating the reconstruction plate. To
avoid segment displacement, the distraction devices are fixated according to the
transport discs design, ideally a 15 mm size disc and a 2 mm intraoperative acti-
vation. The first disc usually extends from the angle of the mandible or from the
most posterior part of the body; this segment will travel to the canine area. To
avoid plate exposure in the symphyseal area, a chin prosthesis is temporarily
placed and fixed to the most anterior part of the plate, while the two lateral discs
(distraction discs) come forward, advancing the associated soft tissues. The chin
prosthesis is removed after the transplant segments have been advanced to the
parasymphysis area (Fig. 5.9).
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Fig.5.9 A 45-year-old male with ameloblastic carcinoma who underwent three-dimensional man-
dibular reconstruction by trifocal transport distraction. (a) CT scan of lesion. (b) Reconstruction
plate fashioned and drill holes made prior to resection. (¢) Resection specimen. (d) Transport seg-
ments created by bilateral sagittal split osteotomies. The plate is fixed in position. (e, f) Distraction
devices in place. Each segment was distracted 35mm. (g—i) Schematics illustrating trifocal distrac-
tion to reconstruct an anterior mandibular defect. A chin implant was fixed to the reconstruction
plate to prevent soft tissue contraction during activation. (j) Panoramic radiograph preoperative.
(k) Panoramic radiograph during bone transport

Second stage: reconstruction of the symphysis. After the first disc reaches the
canine area, the traveling disc is sectioned in half, forming two discs. Rigid fixation
of the posterior portion of the original disc to the reconstruction plate is accom-
plished, and the distraction device is removed. The anterior portion of the disc will
continue traveling to traverse the symphysis with a new distraction device. It is
important to fix the already transported disc to the plate to avoid the spring effect—
the contraction of the collagen fibers pulling the segment to its original position
before mineralization has been achieved. The consolidation period for major move-
ments is prolonged for many months (Fig. 5.9).



118 C.A. Guerrero et al.

5.3.5 Distraction Protocol

Seven days of latency period are recommended, followed by a 1 or ¥2 mm activation
rate until distraction is completed. The distraction devices remain in place as a fixa-
tion system for 2 months for each centimeter of bony gain until they are exchanged
for bicortical screws inserted from the reconstruction plate to the bone.

Third stage: at the completion of distraction, docking site surgery is indicated to
achieve bony union between the two docking segments. This is a short procedure
performed under IV sedation (Fig. 5.10).

5.3.6 Docking Site Surgery [32, 38-44] (Fig. 5.10)

The docking site is the area where the two bone segments meet. At the completion
of activation, the leading edges of the two bones are usually hypertrophic and

Fig. 5.10 Same patient as in Fig. 5.9. (a) Frontal view preoperative. (b) Frontal view 2 years
postoperative. (¢) After the consolidation period the fixation plates are /eft in place. (d, e) During
consolidation, zygomatic and dental implants were inserted. (f—i) Occlusal views: preoperative,
during bone transport with devices in place, and during consolidation (note second molar in mid-
line), with final prosthesis on dental implants
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sclerotic, covered by fibrous tissue. The two edges should be as close as possible,
and the nonvital bone needs to be resected. A mucoperiosteal incision with minimal
periosteal elevation is used to expose both edges. It is necessary to obtain a network
of neoangiogenesis from the bone marrow and periosteum to enhance bony healing.
The bone edges are prepared by making multiple perforations with a bur into the
cortical and medullary bone; the distraction device is activated until the two seg-
ments meet; bone graft is obtained from the chin and inserted into the defect. Rigid
fixation is established between the two bone segments either by the use of the recon-
struction plate or by insertion of two miniplates.

The patient is placed on a soft and liquid diet for a prolonged period of time.
As masticatory function is diminished, there is mandibular hypomobility and
TMIJ fibrosis, with interincisal opening reduction. The patient must commence
daily functional and physiologic exercises to stimulate masticatory
movements.

5.3.7 Dental Implants in Bone Transport

Implant technology allows the use of inclined dental implants and zygoma implants in
mandibular areas where the bone of sufficient quality and quantity is available, per-
mitting the prosthodontist to fabricate a fixed or hybrid dental rehabilitation. Most
patients have quality bone in the symphysis area where zygoma implants could be
inserted and the abutment is based at the level of the mandibular canines or premolars.
Most patients are dentally rehabilitated with four dental implants in the anterior man-
dible with standard fixtures and zygoma implants inserted in the mandible. This pro-
tocol allows implant anchorage in the adjacent bone with mucosal penetration at a 45°
angle and management parallel to the anterior regular implants.

Pearls and Pitfalls

* Intraoral mandibular distraction can be used for widening, lengthening,
and bone transport.

e The techniques are surgeon and orthodontist labor-intensive and require
close collaboration.

e Custom-designed distraction devices are often required.
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Distraction of the Maxilla (Le Fort|)

James P. Bradley

A Le Fort I osteotomy with maxillary advancement can be used to correct Class 111
malocclusion that is related to congenital or developmental maxillary hypoplasia. A Le
Fort I osteotomy combined with distraction osteogenesis is a powerful technique that
can be used to treat the most severe forms of maxillary hypoplasia [1]. It also offers the
benefits of functional airway improvement. Le Fort I distraction advancement may
improve obstructive sleep apnea or aid in the removal of a long-standing tracheostomy
[2, 3]. It is a technique that may be performed before skeletal maturity or during child-
hood, after the maxillary canines have erupted. Traditional acute Le Fort I advance-
ment is usually performed after skeletal maturity [4]. Performing a Le Fort I distraction
can correct a child’s facial deformity and may be important for his/her psychological
well-being and self-confidence. Following a Le Fort I distraction during childhood, the
subsequent need for a Le Fort I advancement at skeletal maturity may often be avoided.
The importance of orthodontic involvement and preciese treatment planning cannot be
overemphasized. This chapter will document the indications, techniques, instrumenta-
tion, and postoperative care involved with Le Fort I distraction.

6.1 Indications

Le Fort I distraction is used to treat patients with severe maxillary hypoplasia. This
may develop in patients with cleft lip and palate deformities from both intrinsic
maxillary growth disturbances and surgical scarring. For patients with class III mal-
occlusion and mild to moderate maxillary hypoplasia who have attained skeletal
maturity (<10 mm of advancement required), an orthognathic procedure, acute
advancement, is recommended. However, for patients with class III malocclusion
and severe maxillary hypoplasia (>10 mm of advancement required), Le Fort I
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distraction offers larger advancements with less evidence of relapse [4, 5]. For
patients with alveolar defects, bone graft consolidation must be done prior to a Le
Fort I distraction procedure. Cleft patients need to have the dentoalveolar arch uni-
fied before a maxillary distraction procedure. If the maxillary segment is not unified
and the maxilla is in more than one piece, the distracted segments cannot be con-
trolled and the result will be far from predictable.

Le Fort I osteotomy with an acute advancement allows for correction of a Class
IIT malocclusion in the skeletally mature patient with or without a bilateral sagittal
split osteotomy setback and allows for the patient to leave the operating room in
optimal occlusion. However, the traditional technique of a Le Fort I osteotomy with
an acute advancement has limitations. Alternatively, Le Fort I distraction offers
three distinct advantages over the traditional technique for the patient with severe
maxillary deficiency: (1) ability to treat younger patients, (2) larger advancements
to the maxillary segment, and (3) less relapse. Patients with severe maxillary hypo-
plasia may have a facial deformity that results in teasing and ridicule by classmates
and peers. Rather than waiting until skeletal maturity, younger patients may undergo
a maxillary advancement with distraction with the benefit of improvement in facial
form. The Le Fort I distraction procedure may be performed provided the maxillary
canines have erupted. Prior to eruption of the maxillary canines, the canine roots are
in the line of the Le Fort I osteotomy. With an early correction of a maxillary defi-
ciency facial deformity, self-confidence, self-esteem, and social integration may
improve. With this in mind, decisions on the timing and technique of the procedure
should be tailored to the individual patient.

With traditional techniques, the amount of maxillary advancement is limited by
soft tissue recoil and scarring [5]. A Le Fort I acute advancement exceeding 10 mm
has been shown to result in more relapse and the need for subsequent corrective
surgery [4]. For patients with severe maxillary deficiency, a “compromise proce-
dure” of Le Fort I acute advancement with simultaneous mandibular setback had
been offered in the past prior to the introduction of Le Fort I distraction. The out-
come of the “compromise procedure” was, however, a compromise in aesthetic
improvement. With an optimal sagittal advancement, there is more midface soft
tissue fill and a more convex face. Rosen showed that sagittal midfacial fullness,
even exceeding normal SNA cephalometric measurements, results in a more pleas-
ing long-term cosmetic outcome: “There is a sense of highlighting, definition, angu-
larity, and refinement when the facial mask is well supported by skeletal foundation.
With a lack of skeletal support, the face is devoid of these features and, in the
extreme, can be described as amorphous” [6].

6.2 Internal Devices vs. External Devices

The indications for the use of internal devices and external devices are similar.
Some practitioners prefer the external device, e.g., a RED device, for Le Fort I dis-
traction procedures [7]. Other practitioners prefer internal device (Zurich device)
for Le Fort I distraction procedures [4]. There are advantages and disadvantages for
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Table 6.1 Internal vs. external Le Fort I distraction devices advantages and disadvantages

Le Fort I distraction devices

Advantages Disadvantages
External devices Ease of implantation Unsightly appearance®
Less periosteal stripping Cumbersome
“Pushing” and “pulling” force Become dislodged, loosen
3D Control of vectors® Pin site infection
Internal device Hidden, Concealed® Staged procedures
Closer to osteotomy More periosteal stripping
Earlier return to school/work More difficult insertion/removal
Longer consolidation times Limit to distraction distance

20Often cited as the preference for internal devices
Often cited as the preference for external devices

Fig.6.1 External
distraction device placed
on a preoperative model
showing the halo stabilized
to the parietal skull with
pins

both (Table 6.1). The osteotomies and down fracture are technically the same for
both. The external Le Fort I devices have the theoretic advantage of less periosteal
stripping and ease of implantation. An external device allows for both “pulling” and
“pushing” of the advancing Le Fort I segment, whereas the internal device only
“pushes” the segment forward. An advantage often cited by practitioners who prefer
the external Le Fort I device is that it offers better three-dimensional control through
the use of external adjustments during the distraction process. However, the external
device is more likely to become dislodged or moved during play. This may require
a readjustment or a reoperation for replacement. With the external device, pin-site
infection is the most common problem and is usually treated with more meticulous
pin care and oral antibiotics. The most obvious drawback to the use of external
devices for Le Fort I distraction is the appearance of the devices (Fig. 6.1).

There are theoretic and practical advantages to the use of the internal device for Le
Fort I distraction. The internal devices are applied closer to the osteotomy site. The
devices are concealed (Fig. 6.2). The turning arms may be removed in the office
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Fig. 6.2 Internal Le Fort I distraction device: (a) preactivation maxillary position, (b) postactiva-
tion maxillary position

without an operative procedure when the removable arms are used. After removal of the
turning arms, the devices are completely buried and the patient may return to school or
daily activities without the stigma of a device. Theoretical disadvantages of the internal
devices include more periosteal stripping and more dissection upon implantation. Also,
there is a limit to the distance of distraction with internal devices. The length or size of
the activation rod on the internal device is limited by the distance from the plate fixation
site anteriorly to the cranial base posteriorly (approximately 20-25 mm). Because of
this limitation, a second surgical intervention was necessary in order to “re-zero” the
distraction device and gain addition length for severe cases requiring a larger advance-
ment. To alleviate this problem, a new “telescopic’ Le Fort I distraction device has been
designed to permit greater distraction distances. It has three stages, each of which is
10 mm. At the completion of one stage, the next stage will open. The advantage of the
telescopic device is that at the insertion procedure there is a shorter activation rod.

6.3  Preoperative Planning

For any orthognathic surgical procedure, including Le Fort I distraction, preopera-
tive planning is necessary for optimal results. Prior to Le Fort I acute advancement
orthognathic procedures, orthodontic removal of dental compensations is necessary.
When orthodontically ready, patients undergo preoperative planning including:
cephalometric analysis, cephalometric prediction, model surgery, and splint fabrica-
tion. Manual cephalometry has been employed for years. More recently, computer-
ized cephalometric prediction has become popular. With the advent of
three-dimensional imaging, a Visual Treatment Objective (VTO) may be performed
to predict hard and soft tissue changes to achieve facial balance. Likewise, preop-
erative planning is also useful for Le Fort I distraction. Predicted results presented
to the Le Fort I distraction patients prior to the procedure help to assess treatment
feasibility, optimize case management, and increase patient understanding.
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Virtual Surgical Planning (VSP) has been increasingly used for orthognathic
procedures and also has a role in distraction cases. The goals for VSP orthognathic
procedures are similar to those of traditional planning for jaw cases with achieve-
ment in optimal aesthetic and functional stability with maximum intercuspation.
For VSP planning of Le Fort I distraction cases, the following are required: (1) a
cone-beam CT scan, (2) maxilla and mandibular impressions, and (3) a bite registra-
tion. Planning for the distraction procedure involves location of the osteotomies,
cutting guides, vectors, and choice of devices. The procedure can be customized to
the patient and treatment plan (Fig. 6.3). In addition, underlying tooth roots are
visualized to aid in plate placement.

Fig. 6.3 Lateral view of three-dimensional CT scan for visual treatment objective: (a) preopera-
tive, (b) predistraction position of maxillary segment (green) with telescopic device (pink), (c)
postdistraction position of maxillary segment (green) with telescopic device (pink)
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There is a select group of skeletally mature patients who have severe maxillary
deficiency (greater than 10 mm) and mandibular pathology (prognathism or asym-
metry). Rather than a compromise procedure, a staged Le Fort I distraction followed
by a mandibular setback/rotation procedure may be done. In this case, the mandibular
procedure is often done after the distraction, at the time of device removal (Fig. 6.4).

Before After

Before After

Fig. 6.4 Images of patient who underwent Le Fort I distraction followed by mandibular rotation
for correction of asymmetry: (a) preoperative and postoperative frontal views, (b) preoperative and
postoperative lateral views



6 Distraction of the Maxilla (Le Fort ) 129

6.4

1.

10.

11.

Operative Technique

A nasoendotracheal tube is suture-secured and a throat pack is placed. The
medial canthi are tattooed for vertical measurement to the lateral orthodontic
bracket or incisor edge.

A gingivobuccal sulcus incision is made with the Colorado tipped bovie.
Subperiosteal dissection is performed with a periosteal elevator to deglove the
anterior maxilla, piriform aperture, nasal mucosa, and ptergomaxillary region.

. Osteotomies are performed with the reciprocating saw at the Le Fort I level

through the zygomaticomaxillary buttresses, nasomaxillary buttresses, and
base of the septum. (A high Le Fort I osteotomy, superiolaterally to the infraor-
bital foramen, is performed for patients with hypoplastic malar regions.) A
Kawamoto osteotome is used to separate the ptergomaxillary junction.

. Maxillary down fracture is performed. The serrated Kawamoto osteotome is

placed within the ptergomaxillary osteotomy site to stretch the soft tissues of
the Le Fort I segment.

. While holding the Le Fort I segment down, posterior bony interferences may be

removed with a rongeur.

Le Fort I segment is held into position and the vertical height is measured.

For the internal devices (Zurich, KLLS Martin L.P., Jacksonville, FL), right- and
left-side devices are checked for positioning. Plate bending and burring of a
notch in the zygomatic body for rod placement are often done at this time. The
detachable turning arms are placed and the devices are fixed with monocortical
SCTews.

For the external devices (RED device) on table, assembly of the device is
required including: the distraction halo with fixation screws, the vertical rod,
and horizontal cross bar for wire attachment to the intraoral splint. Alternatively,
a bone-borne retention plate to the maxilla may be used and attached by wires
to the horizontal bar.

Either of the devices should be tested by advancing the distraction device and
returning it to the zero position.

For the internal devices, elastic bands are placed on hooked brackets or on
4-maxillomandibular fixation (MMF) screws (KLS Martin L.P., Jacksonville,
FL). (The elastic bands may be placed either during the primary procedure or at
the time of removal of the turning arms following activations. The bands help
to guide the Le Fort I segment into appropriate occlusion during activation and
prevent an anterior open bite deformity.)

Finally, a nasal cinch suture is used to avoid alar base flaring and the gingivo-
buccal sulcus incision is closed with running locking 4-0 chromic suture.

6.5

Postoperative Care and Orthodontic Manipulation

Activation is commenced the day after the Le Fort I osteotomy (latency = 1 day) at
I mm per day (rate) for two times per day (rthythm). Patients are followed weekly in
the office for progress. During the distraction process, close observation is
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necessary. The generate bone can be “molded” and the maxillary segment can be
guided into proper occlusion or the predicted location. For internal Le Fort I distrac-
tion devices, elastic rubber bands are used to guide the maxillary segment.
Orthodontic banding and hooks are useful for molding the generate bone. For exter-
nal Le Fort I distraction (RED) devices, the distraction vector can be altered or
adjusted at any time during activation since the device components are external. The
horizontal rod(s) can be adjusted up or down along the midline vertical rod.
Activation is continued until the proper overjet, overbite, and relatively stable pos-
terior occlusion are achieved (Figs. 6.5 and 6.6). For patients at skeletal maturity, Le
Fort I activation is continued until the maxillary segment can be “docked” into an
intermediate or final splint.

Fig. 6.5 Images of
patient before (upper
panel) and after (lower
panel) Le Fort 1
distraction to correct
maxillary hypoplasia and
obstructive sleep apnea




6 Distraction of the Maxilla (Le Fort ) 131

Fig. 6.6 Predistraction
lateral cephalometric tracing
(gray) and postdistraction
cephalometric tracing (black)

After completion of activation, the Le Fort I distraction device is kept in place
during the consolidation period. Follow-up radiographic studies have shown that
most consolidation or bony deposition occurs in the ptergomaxillary region [8].
Even when radiolucencies are observed anteriorly, the maxillary segment is typi-
cally solid and clinically rigid. When reoperation is necessary after a Le Fort I dis-
traction procedure, down fracture is more difficult because of the substantial bone
healing in the ptergomaxillary region.

6.6 Complications

Many of the potential complications to Le Fort I distraction are related to the com-
plications of a Le Fort I osteotomy and down fracture. Complications from a Le Fort
I procedure have been estimated to be 6.4% [4]. Patients with cleft lip and palate
deformities or patients with major anatomic abnormalities have a higher risk of
complications. Reported complications include: malocclusion, septal deviation,
hemorrhage, AV fistula, pseudoaneurysm, epistaxis, necrosis of the maxilla, gingi-
val retraction, abscess, sinusitis, eustachian tube dysfunction, and blindness [4].

6.7 Outcomes

The biggest risk for relapse in a Le Fort I procedure is the length of advancement
[9]. A subset of cleft patients with severe maxillary deficiency (>10 mm) were stud-
ied to compare traditional Le Fort I acute advancement to Le Fort I distraction [5].
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The distraction group underwent a greater mean length of advancement (25 mm vs.
11 mm). The traditional group of patients had more relapse (63% developed relapse
and 55% required reoperation). The distraction group had only 15% relapse. Soft
tissue constriction was thought to contribute to the higher rate of relapse in the tra-
ditional group of patients. The gradual stretch of soft tissues probably accounted for
the improved outcome in the distraction group of patients.

It is known that velopharyngeal insufficiency (VPI) may develop after Le Fort I
advancement in cleft patients [10]. As the maxilla moves forward, the palate moves
with it. Enlargement of the velopharyngeal space may impede closure of the sphinc-
ter. Le Fort I distraction has been shown to be protective against speech problems
even in severe maxillary deficiency cases. In the study above, none of the severe
maxillary deficiency patients had velopharyngeal insufficiency (VPI) preopera-
tively [5]. Postoperatively, VPI was found in 42% more patients in the traditional or
acute Le Fort I advancement group as compared to the Le Fort I distraction group.

For syndromic patients with craniofacial dysostosis who require a midface
advancement, the degree of advancement required for the midface and maxilla are
usually not the same. Often, the advancement needed to correct the midface is less
than the advancement needed for the maxilla. The midface advancement should be
aimed at correcting orbital deficiencies. The maxillary advancement should be
aimed at obtaining optimal final occlusion with acceptable aesthetics. The same
indications for a Le Fort I distraction should be used with these patients as previ-
ously outlined in this chapter. If a Le Fort III distraction is performed in midchild-
hood, the Le Fort I advancement can be delayed until skeletal maturity. Decisions
on the timing and technique are on a case-by-case basis with the help of orthodontist
input.

Pearls and Pitfalls

* For the management of facial skeletal deformities, Le Fort I distraction
offers the ability to correct a wider range of malocclusions by movement
of the maxilla in all three planes of space.

» Le Fort I distraction allows for movement of the maxilla a greater distance
with less relapse.

* Clinical outcomes after Le Fort I distraction have shown the added benefit
of functional airway improvement (resolution of sleep apnea).

* Clinical outcomes for Le Fort I distraction also suggest protection of
speech problems (less VPI).

* An emphasis should be placed on precise orthodontic preparation, presur-
gical planning, choice of devices, operative techniques, and postoperative
adjustments for predictable and stable results.

* Recent advances in technology are aiding surgeons with virtual surgical
planning and more precise outcomes.
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Distraction of the Midface: Le Fort Il
and Monobloc

Joseph G. McCarthy and Roberto L. Flores

Gillies and Harrison [1] reported the first Le Fort III advancement osteotomy, which
underwent relapse, and Gillies vowed never to repeat the procedure. The technique
was later refined and popularized by Tessier [2] who placed iliac bone graft between
the separated bony segments and performed the intraorbital osteotomy posterior to the
medial canthus. The technique was eventually promoted and practiced in the younger
patient [3]. The monobloc acute advancement was reported and popularized by Ortiz-
Monasterio et al. [4]. However, in the Le Fort III/monobloc acute advancement oste-
otomy, there were multiple problems. Bone grafts had to be harvested, and there was
a hardware burden, including maxillomandibular fixation (MMF). The infection rate
was relatively high, especially in the monobloc procedure. Overall, these procedures
had a high morbidity rate with a prolonged operating time and hospital stay.

After the clinical success with mandibular distraction, preliminary lab work was
focused on midface distraction in animals by several groups around the world [5, 6]. At
the same time, two types of midface distraction devices were developed. Buried devices
were designed to be secured to the mobilized midface segment and the temporal bone
[7], whereas an external halo frame was developed by Polley and Figueroa [8].

The development of midface and monobloc distraction represented a major para-
digm shift. When applied to younger patients, it was a simpler procedure, and in all
patients, it obviated the need to harvest bone grafts and to use complicated fixation
systems. The amount of blood transfusion was reduced, a greater degree of stable
midface advancement was achieved, and there was less morbidity, as well as reduced
operative times and shorter lengths of hospital stay [9-11].
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7.1 Pathology

The most common diagnosis of the patient undergoing midface distraction is syn-
dromic craniosynostosis such as Crouzon, Apert, and Pfeiffer syndromes, although
Le Fort III reconstruction can be used in patients with a cleft and infraorbital hypo-
plasia [12].

In syndromic craniosynostosis, there are a variety of cranial vault abnormalities,
the most common of which is a brachycephaly with a reduction in the anteroposte-
rior dimension of the cranial vault. This can be associated with increased intracra-
nial pressure, an important finding leading to the recommendation of monobloc
distraction. The supraorbital rims can also be recessed, resulting in exorbitism.
These midface anomalies are characterized by exorbitism, downward slanting of the
palpebral fissures, recession of the nasomaxillary and zygomatic complexes accom-
panied by a Class III malocclusion (anterior crossbite), and nasopharyngeal respira-
tory obstruction. The midline of the midface can be vertically foreshortened in the
patient with Apert syndrome, and the convexity of the face is commonly lost due to
bony hypoplasia in this area. While the mandible is of normal size and position,
there is usually retrusion of the bony chin.

7.2 Indications

The usual indications for midface or monobloc distraction are increased intracranial
pressure (ICP), exorbitism, airway obstruction, midface hypoplasia with malocclu-
sion, and craniofacial dysmorphism.

The cranial vault abnormality is usually characterized by frontal bone retrusion
or brachycephaly with or without evidence of increased intracranial pressure.

The exorbitism can result in exposure of the cornea with threat of blindness.
One must define the skeletal pathology contributing to the exorbitism. If there is
supraorbital retrusion, as characterized by an A-Cor value of —5 mm [13], the
planned exorbitism correction must include monobloc distraction. If the supraor-
bital rims are not retruded, a subcranial Le Fort III distraction should adequately
advance the recessed inferior orbital rims and obviate the need for a transcranial
approach.

Airway obstruction is another indication for midface distraction. The usual ana-
tomic site for the obstruction is in the nasopharyngeal space, but it should be noted
that patients with syndromic craniosynostosis commonly have a multilevel obstruc-
tion pattern [14—17]. Pfeiffer syndrome, in particular, has a high incidence of tra-
cheobronchial anomalies [18, 19] which would not be corrected by a midface
distraction. Therefore, comprehensive airway analysis is recommended in all
patients experiencing airway obstruction.

Midface hypoplasia with malocclusion is a prominent feature of the patient with
syndromic craniosynostosis. The “dishpan facies” is associated with a Class III mal-
occlusion, anterior crossbite, obstructive sleep apnea, and significant dysmorphism,
all of which can be corrected by midface distraction.
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Absolute indications for midface distraction in the growing child are:

(a) Increased intracranial pressure/brachycephaly
(b) Exorbitism/corneal exposure

(c) Severe airway obstruction

(d) Severe dysmorphism with malocclusion

Absolute indications in the adult patient are:

(a) Severe exorbitism
A-Cor of =5 mm. This finding tilts the decision in favor of a monobloc dis-
traction because of the retrofrontal infection threat with the monobloc acute
osteotomy advancement.
(b) Midface hypoplasia with an anterior crossbite greater than 13 mm.
(c) History of previously unsuccessful midface advancement.

Controversial indications for midface distraction in the growing child are:

(a) Mild dysmorphism without evidence of increased ICP, OSA, and corneal
exposure
(b) Severe OSA in the background of a second and significant airway anomaly

Controversial indications for the adult patient are:

(a) Midface hypoplasia with an anterior crossbite less than 13 mm and no evidence
of airway obstruction. One must recognize that in the skeletally mature patient
there must be a functioning Class I occlusion at the completion of the treatment
process.

7.3 Preoperative Assessment

Preoperative assessment is conducted with the appropriate members of the cranio-
facial clinical team.

7.3.1 Physical Examination

Examination is carefully done. The forehead and supraorbital rim are examined to detect
retrusion of these anatomic elements. The Mulliken A-Cor value [13] must be recorded.
The nasomaxillary complex as well as the orbitozygomatic areas are usually recessed.
The exorbitism must be assessed by recording the retrusion of the supraorbital and infe-
rior orbital rims. Scleral show usually accompanies retrusion of the inferior orbital rims
(negative vector). There can be scarring of the cornea secondary to corneal exposure,
and the support (or lack of support) for the lower eyelids must be recorded.
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The occlusion is assessed and the crossbite recorded in millimeters. The maxil-
lary arch is constricted and there can be dental crowding. An unusually long velum
is usually noted. The details of the dental/orthodontic assessment are presented in
more detail in Chapter 9.

7.3.2 Ophthalmology Assessment

As there is a significant incidence of increased intracranial pressure in patients with
syndromic craniosynostosis, ophthalmologic assessment should be pursued prior to
surgical intervention. The presence of papilledema may affect the surgical plan as
well as the timing of surgery. Although craniocerebral disproportion, hydrocepha-
lus, and CO, retention resulting from obstructive sleep apnea are known causes of
increased intracranial pressure and progressive visual loss, there are other eye dis-
orders that are common to this patient population. Strabismus, anisometropia, astig-
matism, and ametropia should be identified and treated to prevent the subsequent
development of amblyopia. Finally, regular evaluation of the cornea with fluores-
cein stain will identify corneal exposure. Ironically, many cases of corneal exposure
are related to iatrogenic injury during surgery. Therefore, it is important to protect
the cornea by lubricating the eyes during and after surgical intervention.

7.3.3 Respiratory Evaluation

Patients affected by syndromic craniosynostosis commonly have airway obstruction
at the level of the nasopharynx (see [14]); however, a multilevel pattern of airway
obstruction is common in this patient population (see [15]). Therefore, any patient
with clinical evidence of airway obstruction should undergo nasoendoscopic evalu-
ation by an otolaryngologist and a sleep study evaluation to quantify the severity of
airway obstruction and rule out central sleep apnea. The functional outcome of mid-
face distraction on breathing should be followed by a postoperative sleep study.

7.3.4 Photography

Medical quality photographs are a critical component of documentation and are also
used in preoperative planning. The following views are obtained: frontal, three-
quarters, profile, submental vertex, bird’s eye, occlusal, and oculomotor. Three
dimensional photography has the benefit of creating a digital moulage of the face in
which linear and volumetric values may be recorded for surgical planning and serial
follow-up.

7.3.5 Cephalograms

Cephalograms (posteroanterior, lateral, and basilar views) are easily obtained in the
patient over 3—4 years of age. They are invaluable in documenting skeletal integrity,
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the dental and occlusal status, and retropharyngeal airway. These images, which
expose the growing patient to less radiation than a CT scan, allow linear and angular
measures to be plotted to define the pathology and to plan the surgical procedure
with software programs. Follow-up cephalograms are particularly indicated in the
postoperative period and long-term follow-up. Panoramic radiographs (panorex) are
also obtained.

7.3.6 CT Scans

CT scans are mandatory prior to surgical intervention, and the introduction of the
ICAT has simplified this aspect of the preoperative evaluation. The CT scans doc-
ument the quality and volume of the affected bone and the dimensions/volume of
the airway and orbits and provide insight into the pathology of the cranial vault.
Particular attention should be paid to the integrity of the lateral orbital rims if a
fronto-orbital advancement had been performed in infancy. Cranial defects should
also be assessed in terms of pin placement for positioning of the distraction
devices.

7.3.7 Other Key Variables

7.3.7.1 Age of Patient

It is difficult to perform midface distraction in the patient 1-3 years of age because
patient cooperation can be challenging. It is also important to establish that family
cooperation will also be available through the entire treatment course. These deci-
sions are best made with the nurse practitioner and psychologist, especially in the
pediatric patient. In the adolescent patient (13—17 years of age), elective midface
distraction is delayed until skeletal maturity is achieved, provided there is no need
for intervention because of the dangers of increased ICP, corneal exposure, or
obstructive airway. Although there are case reports of neonatal midface distraction,
long-term analysis is lacking to support this type of intervention.

7.3.7.2 General Health

As in any preoperative assessment, it is important that the patient enjoy optimal
health, especially when one considers neurologic, respiratory, and cardiac prob-
lems. Cardiac clearance should be obtained from patients with congenital heart
anomalies. Respiratory dysfunction should be assessed by a pediatric otolaryngolo-
gist and pulmonologist.

7.3.7.3 Bone Volume/Quality

Bone of adequate volume is essential for application of the distraction devices, and
a fundamental principle of distraction osteogenesis is that the osteotomy is made
through healthy, well-vascularized bone of adequate volume for optimal generation
of bone. The cranial vault should be assessed for any defects resulting from previ-
ous surgical procedures that could interfere with the application of distraction
devices. The lateral orbital walls can be hypoplastic because of previous
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Fig.7.1 Absence of
lateral orbital wall
following fronto-orbital
advancement and cranial
vault remodeling in infancy

fronto-orbital advancements (Fig. 7.1). If previous surgery has rendered the lateral
orbital walls severely hypoplastic, the surgeon should consider a first-stage autog-
enous bone grafting procedure.

7.4 Orthodontic Assessment

See Chapter 9.

7.5 Preoperative Surgical Planning

As mentioned earlier, appropriate cardiac clearance, airway analysis, and oph-
thalmologic evaluation are required prior to surgery. The team anesthesiolo-
gist’s input and planning are likewise important. Complete blood count and a
type and crossmatch should be obtained. History of all previous craniofacial,
neurological, ophthalmologic, and airway interventions are carefully docu-
mented. Presence of a VP shunt or Chiari malformation should warrant a neuro-
surgical assessment prior to surgery. If there is history of airway obstruction, an
endoscopic evaluation of the airway and sleep study should be obtained. Physical
exam should include palpation for cranial defects, position of the supraorbital
and infraorbital rim in relation to the anterior cornea (A-cor), vertical position
of the lateral and medial canthus, the anterior/posterior position of the malar emi-
nence, the degree of anterior crossbite, and a detailed dental evaluation.
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Photographs, cephalograms, and CT scans, as previously mentioned, are manda-
tory in the preoperative period. If the patient has had a previous midface advance-
ment, the quality of the bony volume at the lateral orbital rim, the zygoma, and the
pterygomaxillary suture is carefully evaluated. The vertical position of the cribri-
form plate and crista galli are likewise noted.

Planning the vector of distraction is critical, and the details are discussed later in
the chapter.

The choices of osteotomy are as follows:

e Monobloc (frontofacial)

e Le Fort III (subcranial)

e Le Fort III and Le Fort I

* Bipartition/monobloc (see Chapter 8)

e Le Fort II and orbitozygomatic advancement

In the selection of the distraction device, the surgeon should consider several vari-
ables, but rigidity, as in all distraction procedures, is an absolute requirement to
achieve adequate advancement and bony consolidation at the osteotomy sites. The
buried devices, usually fixated between the temporal bone and the osteotomized mid-
face segment, are less conspicuous and less vulnerable to postoperative trauma
(Fig. 7.2). However, they are restricted to a single vector, and, if there is device

Fig.7.2 Example of an
internal midface distraction
device (Reprinted from
Mathes ed. Plastic Surgery
2nd edition, Saunders,
Philadelpia, PA; December
23, 2005)
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Fig. 7.3 External halo or
RED® device. (a) Frontal
view. (b) Lateral view
showing the rigid distraction
splint (occlusal). Red
designates the zones of bone
generation

malfunction, the repair requires a surgical intervention with anesthesia. The external
halo frame (Fig. 7.3) is obtrusive and noticeable. However, it provides the greatest
stability and rigidity. Moreover, if there is a device problem, it can often be solved in
the clinic without the need for surgical intervention. In addition, modifications can be
made to the device during activation to change the vector or rotate the central rod.

Virtual planning, reported by some authors, is currently in its early stages of
application to this specific craniofacial technique and has yet to prove particularly
helpful.

7.6  Operative Technique

More detailed description of surgical technique, complemented by 3D simulation,
is available at: www.myface3D.com.

7.6.1 Monobloc Distraction (Fig.7.4)

Oroendotracheal intubation is preferred. After lubrication is applied to the corneas,
lid occlusal sutures are inserted. Packed red blood cells (PRBC) should be
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Fig.7.4 Monobloc
osteotomy as depicted in
virtual surgical planning

available in the room prior to the start of the surgery. A coronal zigzag incision is
made across the skull from ear to ear. Subperiosteal exposure includes the superior
aspect of the nasal bones, the medial orbital wall posterior to the medial canthus,
the superior and lateral orbital rim, the malar eminence to the zygomaticofacial
foramen, the lateral orbital wall, and the lateral aspect of the orbital floor. The
anterior attachments of the temporalis to the posterior aspect of the lateral orbital
rim are separated. Using the coronal exposure, a subperiosteal pocket is made in
the pterygomaxillary fissure. The neurosurgeon performs an anterior craniotomy
with removal of the frontal bone.

Through the coronal incision, anterior cranial fossa osteotomies are made 1 cm
posterior to the frontal bone with a power-driven saw on both sides (Fig. 7.5).
Malleable retractors are used to protect both the frontal lobe and the orbital con-
tents. The saw is then used to perform full-thickness lateral orbital wall osteotomies
at the junction with the temporal bone, care being taken to avoid injury to the tem-
poral lobes of the brain and the orbital contents. This osteotomy is then extended
medially across the orbital floor. The infraorbital rim should be directly visualized
during this portion of the procedure to avoid inadvertent fracture. An osteotomy is
made through the body of the zygoma (not the arch), so that there is adequate bone
volume for bone generation (Fig. 7.5).
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Fig. 7.5 Value of making the osteotomy through the body of the zygoma. (a) Absence of bone
generation following osteotomy through the thin arch of the zygoma. (b) Bone generation follow-
ing osteotomy through the thicker body of the zygoma

Through the coronal incision, an osteotomy is made through the pterygomaxil-
lary fissure. The index finger of the non-dominant hand is placed intraorally to pal-
pate the tip of the osteotome along the lingual aspect of the maxillary tubercle as the
osteotomy is completed. This osteotomy is then extended superiorly and anteriorly
to join the osteotomy of the lateral orbital rim. Note in patients with a maxillary
sinus that has not been pneumatized, this osteotomy must be extended medially for
complete bony separation.

An osteotomy is made with a fine tapered osteotome anterior to the foramen
caecum. The osteotomy is carried bilaterally down the medial orbital wall behind
the posterior lacrimal crest to join the osteotomy made across the orbital floor.
Exposure for these osteotomies can be complemented with bilateral eyelid inci-
sions, if required.

With the surgeon’s fingers in the mouth as a guide, the septum is sectioned
through the cranial base osteotomy. The osteotome is directed posteriorly and infe-
riorly toward the posterior nasal spine. As the osteotomy extends deeper toward the
base of the nose, the monobloc segment can be rocked anteriorly to better position
the osteotome in a posterior trajectory.

The monobloc segment can now be fully separated from the skull base if all
osteotomies are complete. The mobilization of the segment can be confirmed by
inserting Rowe-Kiley forceps and the monobloc segment advanced. Common loca-
tions for an incomplete osteotomy are the pterygomaxillary fissure and the junction
of the lateral orbital rim osteotomy with the pterygomaxillary fissure osteotomy.
Once complete monobloc separation has been confirmed, the mobilized segment
should be placed back in position, and drill holes can be placed between the lateral
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orbital wall and temporal bone for the insertion of chromic catgut sutures, which
will be broken during the activation process.

It is at this time in the procedure that internal distraction devices can be applied,
usually between the temporal bone and zygomatic process (see Fig. 7.2).

The coronal incision is closed over Jackson-Pratt catheters, and, after the closure
is complete, the halo device can be applied. The main frame is applied parallel to
Frankfort horizontal, and the horizontal component should be at least 2 cm above
the supraorbital rims. The craniofacial CT should be carefully inspected to avoid
placing the screws into cranial skeletal defects.

Pillars are usually applied with intermaxillary fixation (IMF) screws at the lateral
aspect of the supraorbital rims prior to closure of the coronal incision. Small stab-
like incisions allow penetration of the pillars through the skin. A rigid occlusal
splint [10, 11] is secured to the teeth, but double wires are also used in the younger
patient to secure the splint circumferentially to drill holes in the body of the zygoma.
Alternatively wires can be passed between the splint outrigger to the halo sidearms.
Wires are also passed from the supraorbital pillars through the lateral eyebrows to
the sidearm of the external halo splint. The rigid occlusal splint is also inserted to
the central pole of the halo device (see Fig. 7.3).

7.6.2 Le Fortlll Distraction (Subcranial) (Fig.7.6)

Oroendotracheal anesthesia is preferred and lid occlusal sutures are inserted.
Packed red blood cells are available in the room prior to the start of the

Fig. 7.6 Subcranial Le Fort
IIT osteotomy as depicted in
virtual surgical planning




146 J.G. McCarthy and R.L. Flores

procedure. A coronal zigzag incision is made on both sides and the scalp flap is
reflected. Subperiosteal exposure includes the superior aspect of the nasal bones,
the medial orbital wall posterior to the medial canthus, the superior and lateral
orbital rim, the malar eminence to the zygomaticofacial foramen, the lateral
orbital wall and lateral aspect of the orbital floor. The anterior attachments of the
temporalis to the posterior aspect of the lateral orbital rim are separated. Using
the coronal exposure, a subperiosteal pocket is made in the pterygomaxillary
suture. Lateral orbital wall osteotomies are made at the temporal bone on both
sides with care to protect the orbital contents. This osteotomy is extended medi-
ally across the orbital floor. The infraorbital rim should be directly visualized
throughout this portion of the procedure to avoid inadvertent fracture. An oste-
otomy is made through the body of the zygoma (not the arch), so that there is
adequate bone volume for bone generation.

Through the coronal incision, the osteotomy is made through the pterygomaxil-
lary fissure. As the osteotomy is made through the fissure, the index finger of the
non-dominant hand is placed intraorally to palpate the tip of the osteotome on the
lingual surface of the maxillary tubercle as the osteotomy is completed. This oste-
otomy is then extended superiorly and anteriorly to join the osteotomy of the lateral
orbital rim. Note that in patients with a maxillary sinus that has not been pneuma-
tized, this osteotomy must be extended medially for complete bony separation.

The nasofrontal junction osteotomy is made with a sagittal saw. It is important
to review the posteroanterior cephalogram to ensure that the osteotomy is made
below the cribriform plate. Medial orbital wall osteotomies are made with an
osteotome posterior to the posterior lacrimal crest to join the osteotomy made
across the orbital floor. Exposure can be supplemented, if required, with bilateral
eyelid incisions.

The septum is sectioned with an osteotome inserted through the nasofrontal oste-
otomy. With the surgeon’s fingers in the mouth as a guide, the osteotome is directed
posteriorly and inferiorly toward the posterior nasal spine. As part of the septum is
cartilaginous, this separation may be completed with a curved Mayo scissors.
Rowe-Kiley forceps can assist in separating the last bony bridges from the skull
base. One must be careful to avoid injury to the palate in the younger patient at this
stage. Common locations for an incomplete osteotomy are the pterygomaxillary
fissure and the junction of the lateral orbital rim osteotomy with the pterygomaxil-
lary fissure osteotomy. The Le Fort III segment can be rocked with the fingers
placed behind the zygomatic complexes once all osteotomies are complete. After
complete midface separation has been confirmed, the mobilized segment should be
placed back in position, and drill holes can be placed between the lateral orbital wall
and temporal bone for the insertion of chromic catgut sutures, which will be broken
during the activation process.

Internal distraction devices can be inserted at this time, the plates of which are
fixated to the temporal bone and zygomatic complex (see Fig. 7.2).

The coronal incision is closed over Jackson-Pratt catheters.
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The external halo frame is applied, care being taken to ensure that screws are not
passed through a cranial defect. This can be avoided by careful inspection of the
craniofacial CT prior to application of the frame. The horizontal component of the
halo should be at least 2 cm above the supraorbital rims. The central (carbon) rod
should be in the craniofacial midline. A rigid occlusal splint is inserted to the central
rod, and, if desired, pillars can be inserted and penetrated through the bilateral alar
creases. Wires can also be passed from the IMF screws through the alar creases to
the sidearm of the central rod of the external halo device. In the younger patient
without adequate dentition for retention, double wires are passed from the splint and
secured to drill holes in the zygomas.

7.6.3 Vector Control
Vector control is critical. The midface transport segment, if uncontrolled, can:

(a) Translate forward without rotation

(b) Rotate clockwise and show downward displacement
(c) Displace forward and rotate counterclockwise

(d) Translate forward and downward [20]

Measures have been designed to ensure that the desired vector and distraction
trajectory are achieved [20]. Havlik et al. [21], in order to control yaw, pitch, and
roll of the midface segment during activation, proposed a “cat’s cradle” maneuver
based on circumferential suspension of the midface transport segment passed
through the palate. The NYU team [10, 11] developed a rigid occlusal distraction
splint, attached to the central rod of the halo device, to control the vertical plane of
the osteotomized midface segment (Fig. 7.7) and to avoid inferior movement of the
posterior nasal spine (counterclockwise rotation).

Studies have been conducted to establish the site of the centers of mass (free
body) for the various osteotomized segments: monobloc at a point 43.5% of the

Fig. 7.7 Attachment of
the rigid occlusal splint to
the vertical rod of the
RED® device
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total height from the occlusal plane to the supraorbital osteotomy and Le Fort
IIT at a point 38% of the total height from the occlusal plane to the osteotomy at
the nasofrontal junction [22]. Shetye and the NYU group [20] recommended
forward translation of the Le Fort III segment without rotation when the distrac-
tion force is applied 55% of the distance between the occlusal plane and the
nasion and the vector is parallel to the maxillary occlusal plane. Another group
proposed orthodontic micro-implants to anchor inter-arch Class III elastics to
prevent midface counterclockwise rotation [23].

7.6.4 Variationsin Technique

Several techniques of differential distraction have been designed to address the
variables in retrusion of the individual components of the craniofacial skeleton.
Hopper et al. [24] employed “nasal passages grafts” in patients whose nasal bone
hypoplasia exceeded that of the midface. Wire cerclage swing advancement was
used to provide more advancement on the more severely retruded side, and the
same group [25] recommended Le Fort II midface distraction and simultaneous
zygomatic repositioning to normalize craniofacial ratios in Apert patients
(Figs. 7.8 and 7.9).

Another group [26] presented an Apert patient who underwent a monobloc dis-
traction with internal distraction devices anchored temporally, combined with a Le
Fort II distraction fixated by an external halo device.

In another effort to achieve differential midface distraction, especially between
the upper and lower portions of the midface, the two transport segments were

Fig. 7.8 Le Fort II distraction combined with zygomatic repositioning. (a) Preoperative view.
(b) Postoperative view (Images courtesy of Dr. Richard Hopper)
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Fig. 7.9 Virtual surgery planning images of Le Fort II and zygomatic repositioning. (a)
Preoperative profile view. (b) Postoperative profile view. (¢) Preoperative basilar view. (d)
Postoperative view following Le Fort II distraction and before zygomatic repositioning (Images
courtesy of Dr. Richard Hopper)

distracted differentially [27]. The upper midface (lower orbits and nose) distraction
was performed via single vector buried devices, and the lower segment (Le Fort I
segment) was distracted via an external halo device which permits adjustments to
control occlusal position.

Another approach in the Apert patient combines a bipartition procedure with
monobloc distraction [16, 17] (see Chapter 8).

7.7  Postoperative Period
7.7.1 Latency

The latency period lasts approximately 5—7 days. This time length is especially
important in monobloc distraction to allow time to establish some type of seal at the
anterior cranial base osteotomy site. Attempts at reducing the length of the latency
period can result in an increased infection rate.
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7.7.2 Activation

The rate of activation is 1 mm a day, and the rhythm can either be once or twice (0.5 mm
b.i.d.) a day. The endpoint is age dependent. In the growing child, a Class II occlusion
or overjet should be achieved as long as it does not create a nonfunctional bite
(Fig. 7.10). The cephalogram (lateral view) is especially helpful in monitoring move-
ment of the midface segment. In the growing patient, the zygomatic-orbital form, rather

Fig.7.10 Class II occlusion or overjet as the desired endpoint after Le Fort III distraction in the
growing child. (a) Preoperative lateral cephalogram. (b) At the conclusion of activation with the
external halo and rigid occlusal splint in place. (¢) Following removal of the distraction device
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than the occlusion, is the primary decision-making metric in discontinuing activation.
Zygomatic “over-projection” is essential, consisting of creating mild enophthalmos
and advancement of the infraorbital rim to a supercorrected position (Fig. 7.11).

Fig. 7.11 Zygomatic overprojection as the desired endpoint after Le Fort III distraction in the
growing child. (a, ¢) Preoperative views at 9 years of age. (b, d) Postoperative views at one year
showing correction of the exorbitism and projection of the orbitozygomatic complex
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7.7.3 Consolidation

The consolidation period is 2 months in length to allow adequate bone generation at
the distracted osteotomy sites [28—30] and reduce the relapse rate.

7.7.4 Orthodontic Management/Molding of Generate

See Chapter 9

7.8 Le Fort Ill Case Reports (Figs.7.12,7.13,7.14,7.15,7.16,
7.17,7.18,7.19,7.20,7.21 and 7.22)

Fig.7.12 A 5-year-old boy with Crouzon syndrome who underwent Le Fort III distraction. He
had previously had fronto-orbital advancement in infancy. (a, b) Preoperative views. (¢, d)
Postoperative views at one year
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Fig.7.12 (continued)

Fig.7.13 A 6-year-old girl with Apert syndrome who underwent Le Fort III distraction. She had
previously had fronto-orbital advancement in infancy. (a, b) Preoperative views. (¢, d) Postoperative
views at one year. (e, f) Five years postoperative
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Fig. 7.13 (continued)
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Fig. 7.14 A 4-year-old boy with Crouzon syndrome who underwent Le Fort III distraction. He
had previously had fronto-orbital advancement in infancy. (a, b) Preoperative appearance with
significant exorbitism. (¢, d) Postoperative views at one year. (e, f) Six years postoperative
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Fig. 7.14 (continued)

Fig. 7.15 A 5-year-old boy with Crouzon syndrome who underwent Le Fort III distraction. He
had previously had fronto-orbital advancement in infancy. (a, b) Preoperative views. (¢, d)
Postoperative views at | year. (e, f) Appearance at 4 years postoperative
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Fig. 7.15 (continued)
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Fig.7.16 A 13-year-old boy with Antley-Bixler syndrome who had undergone Le Fort III distrac-
tion at another institution. There had been inadvertent fracture at the zygomatico-maxillary sutures
with inferolateral displacement of the orbitozygomatic complexes and lateral canthal mechanisms.
The nasomaxillary segment was displaced laterally with inadequate sagittal projection. (a) Frontal
view. (b) Oblique view. (¢) Profile view
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Fig.7.17 CT scans corresponding to Fig. 7.16. Note the inferolateral displacement of the orbito-
zygomatic complexes and the lateral displacement and the absence of sagittal projection of the
nasomaxillary segment. He had previously undergone a cranioplasty
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Fig. 7.18 1In a primary procedure, the areas of fibrous union in the orbitozygomatic areas were
resected and bone grafted after skeletal repositioning. (a—c) Patient appearance following this
procedure. (d—f) Corresponding CT images
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Fig.7.18 (continued)
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Fig. 7.19 In a second procedure 6 months later, the patient underwent Le Fort IIT distraction.
After 10 days of activation, the outrigger connecting the wires to the pyriform apertures was dis-
placed to the patient’s left side, and the activation resumed (molding of the generate). (a) Pre-
distraction appearance. (b) In the activation period, the outrigger/wires attached to the central rod
were moved laterally and activation resumed. (¢) Appearance following removal of the halo frame.
Note the movement of the nasomaxillary complex to the midline and the midface fullness
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Fig. 7.20 (a) Profile view before Le Fort III distraction. (b) Profile view at the conclusion of the
consolidation period. Note the improvement in midface projection and upper lip position

Fig.7.21 (a) Preoperative frontal view on arrival at the NYU unit. (b) Frontal view after the two
procedures described above. Note the improvement in orbitozygomatic position, repositioning of
the nasomaxillary segment in the midline and midface projection. (¢) Original occlusal view.
(d) Occlusal view after the two surgical procedures. Note the movement of the maxillary midinci-
sor line toward the midline
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Fig. 7.21 (continued)

Fig.7.22 (a) Preoperative profile on arrival at the NYU unit. (b) Profile after the two procedures
described above. Note the projection of the midface and upper lip
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7.9 Monobloc Case Reports (Figs.7.23 and 7.24)

Fig.7.23 A 7-year-old male with Crouzon syndrome, exorbitism, corneal ulceration, and obstruc-
tive sleep apnea. He underwent a monobloc distraction. (a, b) Preoperative views. (¢, d)
Postoperative views at | year
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Fig.7.24 A 17-year-old female with Crouzon syndrome, exorbitism, and increased intracranial
pressure who underwent monobloc distraction. (a, b) Preoperative views. (¢, d) Postoperative
views at one year. (e, f) Postoperative views at four years
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Fig. 7.24 (continued)

7.9.1 Complications

The more common complications following midface or monobloc distraction
include hardware-related problems, infection, inadequate osteotomy with inability
to apply distraction forces, fractures, dural tears/brain damage, and injury of the
permanent molars. Complications can be classified as major (surgical intervention
required) or minor (complication resolved by medication alone).

It can be stated that the morbidity rate associated with midface and especially
monobloc distraction is much lower than that reported after traditional Le Fort III or
monobloc osteotomy/acute advancement (see [9—11, 31]). This is primarily due to
decreased operative time, avoidance of nonvascularized bone grafts, and the absence
of significant intracranial to nasal communication.

Distraction device or hardware problems can be attributed to imprecise device
application or to postoperative trauma (falls, etc.). In a review of 53 subcranial Le
Fort III or monobloc distractions, the hardware-related complications associated
with the external halo (29) and buried (24) cases were compared, and the complica-
tion rate was similar (18.2% vs. 16.4%), as was the percentage of patients requiring
a separate surgical intervention for correction of the problem (9.1% vs. 10.1%) [32].
It should be noted that repair of hardware problems in the external halo can occa-
sionally be made without return to the operating room. In a comparison of the exter-
nal and buried distraction devices, it was reported that the infection rate was



168 J.G. McCarthy and R.L. Flores

significantly lower in the former group [32]. Most postoperative infections can be
resolved without surgical intervention.

With the introduction of the distraction technique, the most striking reduction in
infection has been noted in the monobloc group of patients. In the traditional mono-
bloc osteotomy/acute advancement, there is immediate expansion of the retrofrontal
space or anterior cranial cavity with direct communication established into the nasal
cavity. In contrast, in monobloc distraction, there is no advancement of the mobi-
lized frontal bone until the completion of the latency period (5-7 days), during
which time, a seal has formed at the cranial base osteotomy between the bone seg-
ments. This seal may be reinforced by a galeal-pericranial flap over the osteotomy.
Moreover, during the activation period, the frontofacial or monobloc segment is
advanced at the rate of only 1 mm/day. The latter stands in contrast to the acute
expansion of the retrofrontal space in the traditional monobloc advancement.
However, in the patient with a functioning V-P shunt, there is still the risk of retro-
frontal infection with monobloc distraction, as the V-P shunt prevents expansion of
the frontal lobes to fill the space as the frontal bone is moved forward in the distrac-
tion process (Fig. 7.25).

While in midface/monobloc distraction there is not an acute advancement, the
osteotomized segment, however, must be mobile. If this goal is not realized, initia-
tion of the distraction forces can result in inadvertent fractures at the sites of incom-
plete osteotomy. Reports of “early consolidation” of the distraction sites likely
represent incomplete osteotomies which were not recognized at the time of surgery.
Care should be taken to ensure all osteotomies are complete. The

Fig.7.25 CT scan demon-
strating retrofrontal dead
space after monobloc
distraction with a functioning
V-P shunt
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zygomatic-maxillary suture, if it is mobile as in the young patient, can also be the
site of an inadvertent displaced “fracture’ during the activation phase [33]. This can
also occur if the orbital floor osteotomy is made too close to the inferior orbital rim.
If a zygomatic fracture is suspected, a plate/screw should be applied across the
zygomatic-maxillary suture at the time of the osteotomy.

The maxillary permanent molars are at risk, especially in the growing child,
when a Le Fort III or monobloc osteotomy is performed [34, 35]. Midface distrac-
tion results in a lengthening of the posterior maxillary arch with horizontal move-
ment of the first and second molars. In young patients, disruption of the development
of the first, second, and third molars can be observed. Special care and attention are
important in performing pterygomaxillary disjunction with the osteotome.

Other possible complications include dural tears, brain injury, cerebrospinal fis-
tula, corneal exposure, eyelid problems, and other complications associated with
any type of surgical procedure.

7.10 Clinical Outcomes/Longitudinal Follow-Up

Midface/monobloc distraction is usually performed in patients with syndromic cra-
niosynostosis. The goals of the procedure are to correct elevated ICP (monobloc), to
protect the globes in exorbitism, to relieve an obstructed airway, to improve occlu-
sion, and to lessen craniofacial dysmorphism. As the experience with midface/
monobloc distraction increased over the past two decades, protocols have been
designed to study various aspects/results of the technique in the short and intermedi-
ate term.

As the distracted midface has been shown to be stable over the short or interme-
diate terms (see [10, 11]), as well as 5 years postoperative [36], studies were con-
ducted to document bony deposition/generation at the osteotomy sites. A CT study
of ten patients conducted approximately 6 months after distraction showed that
bone deposition was found more consistently at the nasofrontal junction and ptery-
gomaxillary buttresses (see [28]). Bone deposition was more consistent at the
medial rather than the lateral orbital walls (probably because of previous fronto-
orbital advancement surgery). In addition, if the osteotomy is made through the
thicker zygomatic body rather than the thinner arch, there was greater volume of
bone generate (see Fig. 7.5). In another CT study of 15 pediatric patients undergo-
ing Le Fort III distraction at 1 year follow-up, there was again noted variability of
bone deposition in the pterygomaxillary region with clinical stability of the Le Fort
IIT segment and evidence of generation of a minimal amount (25th percentile) of
bone formation as early as 4 weeks into consolidation (see [29]). Bone scintigraphy
(see [30]) is an alternative technique to study new bone formation after distraction.
In all cases of clinically successful distraction, radiotracer uptake rose to the maxi-
mum during the consolidation period.

The increase in orbital volume after monobloc and Le Fort III distraction has also
been studied by serial CT scans using software programs [37]. As expected, the
orbital volume increase was greater after the monobloc or circumferential (360°)
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orbital expansion. It all cases, postoperative volumes were within normal range.
Two study programs (haptic-aided semiautomatic segmentation and manual 3D
slicer segmentation) can provide reproducible documentation of orbital expansion
after distraction [38].

Syndromic craniosynostosis patients can have dramatic relief of obstructive
sleep apnea after midface distraction. A combined cephalometric and CT study
(three-dimensional airway casts) showed significant expansion in the nasopharyn-
geal and velopharyngeal airways, especially enlarged in those patients showing pre-
operative airway compromise (see [14]). Cephalometric analysis also showed an
increase in the velar angle [39]. In another study [40] of patients before and after Le
Fort III distraction, quantitative CT scans and polysomnographic analysis noted that
a post-distraction angular increase in the sella-nasion-point A angle was more
important than the linear or horizontal change in maxillary position alone for opti-
mal treatment of obstructive sleep apnea. As stated, improvement in respiratory
function has a direct correlation with airway volume expansion [41].

The relationship or correlation of soft tissue change to skeletal increase has
also been studied. It has been reported that for every 1 cm of skeletal gain after
monobloc distraction, there was 0.78 cm gain in the overlying soft tissue [42].
These findings were confirmed in another study of the horizontal relationship
from nasal dorsum to orbitale, nasal tip to anterior nasal spine, soft tissue point
A to skeletal point A, and upper lip to maxillary incisor [43]. However, as in the
vertical dimensional changes, there was a nonlinear relationship. After monobloc
distraction and orbital expansion/correction of exorbitism, there is a decrease in
the distance between the margins of the upper and lower eyelids, but the down-
ward slant of the palpebral fissure is increased [44] (lowering of the external
canthus), hence, the frequent need for an external canthopexy at the time of
device removal.

Often, additional surgery is required after midface/monobloc distraction. As
mentioned above, external canthopexy is often done at the time of device removal.
Ptosis correction may be required after the exorbitism is relieved. Tonsillectomy
and adenoidectomy may be indicated to increase the airway space. Secondary
distraction may be required if there is inadequate “overcorrection” at the first
midface distraction. Definitive orthognathic jaw surgery is usually required at the
time of skeletal maturity in the patient with syndromic craniofacial synostosis.
Because the chin point is recessed in the syndromic craniosynostosis patient,
genioplasty is usually part of the orthognathic surgical procedure at the time of
skeletal maturity.

In a review extending back to 1977, the NYU team (see [10, 11]) reviewed 60
patients who underwent Le Fort III advancement stratified into the following time
groups: Group I (1977-1987)—Traditional Le Fort III acute advancement with fixa-
tion by interosseous wiring and MMF; Group II (1987-1996)—Traditional Le Fort
IIT acute advancement with fixation by only rigid plates/screws, and Group III
(2000-2005)—Le Fort I1I distraction by external halo device. Analysis of the Group
IIT (midface distraction) data showed a statistically significant larger advancement
at cephalometric orbitale, Point A, and upper incisal edge in the Group III versus
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Groups I and II [10, 11]. Again in comparison to Groups I and II, the distraction
group had a lower morbidity rate and reduced operation time and length of hospital
stay. In all groups, there was stability of the advanced segment at 1 year follow-up.
The surgical trend toward midface distraction is historically reflected in a case
report of a Crouzon family whose members underwent midface advancement over
a three-decade period, including a mother who had a monobloc osteotomy with
acute advancement and rigid fixation/bone grafting, followed years later by her son
and daughter treated by monobloc distraction alone [45].

Another study comparing the traditional or acute monobloc advancement with
bone grafts and rigid skeletal fixation to the monobloc distraction with buried
devices noted that the distraction group had a much greater advancement with less
relapse, as well as a lower morbidity rate (see [9]). A similar comparative study at
another institution noted improved respiratory status in the Le Fort III distraction
group probably because they also had greater horizontal skeletal advancement
(19 mm vs. 6 mm in the non-distraction group); moreover, superior aesthetic results
in the facial midline were obtained in the external halo versus the buried distraction
device [46].

Many studies have documented that the mobilized midface segment is stable at 1
year and also at 5 years postoperative (see [36]), but additional midfacial growth
cannot be expected [47-50]. It should also be remembered that midface or maxil-
lary growth is also limited in the unoperated syndromic craniosynostosis patient
[51], a reflection of the innate biology of the syndrome. Consequently, when mid-
face/monobloc distraction is performed in the growing child, activation should not
be discontinued unless there is a resulting overjet to a degree that does not cause
occlusal dysfunction (overcorrection). The family should be forewarned that some
type of maxillary advancement may be required at the time of skeletal maturity.

In a series of follow-up reports of patients who underwent monobloc distrac-
tion at the Great Ormond Street Hospital, it was noted that the distracted segment
remained stable, especially when a latency period of 7 days and an activation rate
of 1 mm/day were employed. It was again noted that anterior growth of the mid-
face did not occur after monobloc distraction. It was noteworthy that long-term
follow-up (mean of 10.2 years) showed a deterioration of respiratory function in
the patients undergoing monobloc distraction at a younger age, and the authors
recommended regular follow-up of such patients for this reason [52, 53]. The
same institution reported a series of 12 young patients who underwent monobloc
distraction under 30 months of age with acceptable morbidity and satisfactory
functional results (increased intracranial pressure, corneal exposure, airway
obstruction, and feeding problems) as well as improvement in craniofacial appear-
ance [54].

In a unique long-term study of patients [55] who underwent acute Le Fort III
advancement and were followed to skeletal maturity, it was noted that most required
a repeat Le Fort III advancement (including the orbitozygomatic complex).
However, this was not always possible because of skeletal deficiency and the burden
of extensive hardware. Many were treated at skeletal maturity with Le Fort I
advancement, bilateral sagittal split osteotomy, and genioplasty.
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Pearls and Pitfalls

* Midface/monobloc distraction should be undertaken only under the aus-
pices of an experienced multidisciplinary craniofacial team.

* Continuation of the surgeon-orthodontic relationship is critical in the post-
operative period for decision-making (vector change, activation endpoint,
length of consolidation period).

* Decision of device selection. While the buried devices are less conspicu-
ous and less subject to childhood trauma, the external halo device provides
more stability (and less chance for relapse) and allows for postoperative
vector manipulation or rotation (swing) of the central rod.

* A posterior descent of the mobilized midface segment during activation is
best avoided by a rigid occlusal splint connected to the central rod of the
external halo device.

* A latency period of 5-7 days should be practiced to avoid relapse and to
allow a seal at the anterior cranial base osteotomy in the monobloc patient.
The preferred activation rate is 1 mm/day.

» Beware the presence of a functional V-P shunt in the monobloc distraction
patient, as it prevents or lessens expansion of the brain into the enlarged
retrofrontal space.

* Endpoints for discontinuation of activation in the growing child include an
exaggerated overjet, provided there is no occlusal dysfunction. In the
growing child, the more critical endpoint is an overly projected orbitozy-
gomatic complex.

* The distracted midface should be stable, but there will be no post-distraction
maxillary growth. Some type of midface advancement will most likely be
required at skeletal maturity.

» External or lateral canthopexy is recommended at the time of device
removal.
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Facial Bipartition Distraction

Aina V.H. Greig and David J. Dunaway

8.1 Introduction

There is a specific group of patients with syndromic craniofacial dysostosis, who
have a biconcave facial morphology, including the majority of Apert patients and
some Pfeiffer patients. The midface is hypoplastic and ‘short’ in both sagittal and
axial planes leading to midfacial retrusion and reduced midfacial height. Midface
hypoplasia is more pronounced in the central face, resulting in a biconcave appear-
ance in the midsagittal (vertical) and axial (horizontal) planes [1]. Until recently
these findings were thought to be due to a true hypoplasia of the midface. However,
3D CT analysis indicates that there is no volume loss to the midface structures but
rather the maxilla and sphenoid are deformed [2]. The midface retrusion in Apert
syndrome is a result of an increased angle of divergence of the greater wings of the
sphenoid, a posterior rotation of the pterygoid plates, and a shortened maxilla [2].
The occlusal plane is rotated counterclockwise, so that the patients often have an
anterior open bite.

In the Apert patient, there is a decreased midface to orbital vertical height ratio
and a foreshortened nasal dorsum with prominent nasojugal grooves [3].This find-
ing means that the central part of the face is often much more hypoplastic than the
lateral orbital walls and malar prominences, such that the position of the lateral
orbital walls is often relatively normal. These anatomical features make the conven-
tional monobloc or Le Fort IIT osteotomy unsuitable for midface advancement in
these patients. Traditional monobloc or Le Fort III advancement, sufficient to
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adequately reposition the central part of the face, will lead to over advancement of
the lateral orbital walls, resulting in enophthalmos.

In patients with Apert syndrome, there may also be true orbital hypertelorism,
characterised by a negative canthal axis and counter-rotated orbits. The periorbital
morphology in Apert syndrome is characterised by a downward slant of the palpe-
bral aperture, a compressed supratarsal crease, proptosis and hypertelorism [4].
These aesthetic concerns are often accompanied by functional morbidities, such as
airway compromise, ocular surface exposure or such severe oculo-orbital dispro-
portion that herniation of the globe occurs.

Bipartition distraction is a procedure combining frontofacial bipartition and
monobloc distraction. Frontofacial advancement with a monobloc osteotomy can
improve craniofacial aesthetics and function in syndromes featuring midface retru-
sion as described by Ortiz Monasterio and colleagues (1978) [5]. In 1979 van der
Meulen described the median fasciotomy [6]. Tessier refined this technique as the
classical facial bipartition, originally described for the treatment of hypertelorism
and Apert syndrome [7]. The operation corrected hypertelorism and medially
rotated the orbits. The bipartition also allowed an ‘unbending’ of the midface so that
the central part of the face could be advanced to a greater degree than the lateral
areas. Facial unbending has several potential functional advantages. The rotation
and asymmetric advancement of the orbits permits a greater orbital volume increase
without over advancing the lateral orbits and producing enophthalmos in the lateral
aspect of the orbit. Facial unbending with distraction results in a greater advance-
ment of the central part of the face and palate, which potentially leads to a greater
enlargement of the upper airway volume [8].

Midface distraction offers significant advantages over techniques involving acute
advancements with bone grafts [9—12]. Distraction osteogenesis allows large stable
advancements [13, 14] and has also proved effective in the very young [15, 16].
Distraction may be achieved using either internal [17] or external devices [13, 18].
There is evidence that with internal distraction devices, the lateral aspect of the face
advances farther than the central area of the face [13]. In an attempt to achieve pref-
erential central advancement, the authors favour the RED (Rigid External
Distraction) frame (KLS Martin) with centrally positioned threaded fixation plates
plus wires, which apply pull in the region of the nasion, supraorbital ridge and pyri-
form margin [16]. The aim of combining bipartition with distraction using the RED
device is to address the dysmorphology of the unique facies in Apert syndrome and
also allow significant midface advancement.

8.2  Bipartition Distraction Technique
8.2.1 Presurgical Orthodontic Preparation
Presurgical orthodontic therapy is performed if needed, to create a midline diastema

and diverge the roots of the maxillary central incisors, in order to facilitate the midline
maxillary osteotomy [1]. It is indicated in patients in whom permanent central upper
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Fig.8.1 Preoperative
orthodontic treatment to
create a midline diastema
to facilitate a midline
maxillary osteotomy

incisors have erupted and in which space between the incisor roots is insufficient to
perform the midline maxillary osteotomy without damaging the periodontal membrane
or teeth. Full arch or sectional fixed orthodontic appliances can be used (Fig. 8.1). All
patients are seen by the dental team preoperatively to ensure optimal oral hygiene.

8.2.2 Surgical Technique

After induction of general anaesthesia, the endotracheal tube is secured with a
circum-mandibular wire, and temporary lid occlusal sutures are performed. Coronal
and upper sublabial incisions are made. A bifrontal craniotomy is performed
(Fig. 8.2a). A V-shaped segment of bone is removed from the midline area of the
frontal bone (Fig. 8.2b) to allow medial and upward rotation of the lateral orbits and
to increase the amount of projection of the central facial skeleton compared to the
lateral area. This manoeuver also increases the curvature of the frontal bone and
widens the narrow upper dental arch. The bony interorbital distance is measured on
table at the level of the medial canthi. In order to decide how much bone to remove,
the ideal intercanthal distance is calculated preoperatively based on age and sex
[19]. This value is overcorrected by 5 mm to aim for an interorbital distance of
approximately 20-25 mm [20]. The two bipartition segments are wired together in
the midline (Fig. 8.2c). The change in configuration of the supraorbital ridge means
that the previously removed frontal bone segment often needs adjustment to provide
a cosmetically acceptable fit before it is replaced.

After the two bipartitioned monobloc segments are mobilised and secured
together, a pericranial graft is applied to the dura over the frontal lobes, to protect
against CSF leaks. Three-hole threaded fixation plates (KLS Martin, Jacksonville,
FL) are screwed onto the bone—one at the nasion, one on each side of the supraor-
bital bar in the midpupillary line and one on either side of the pyriform fossa [16].
Care is taken to site the pyriform margin plates so as to avoid damaging tooth roots.
A central long fenestrated screw is inserted into the threaded fixation plates, and this



180 AV.H. Greig and D.J. Dunaway

Fig. 8.2 A bifrontal craniotomy and monobloc osteotomies are first performed (a). A V-shaped
segment of bone is excised from the midline area of the frontal bone, and the hard palate is split
in the midline (b). This allows medial and upward rotation of the lateral orbits and also
increases the amount of projection of the central facial skeleton, as compared to the lateral
aspect. The two bipartition segments are wired together in the midline (c¢). The change in the
configuration of the supraorbital ridge due to the bipartition means that the previously removed
frontal bone segment often needs considerable adjustment to provide a cosmetically acceptable
fit before it is replaced

is passed through the skin. Wires are later attached to this screw when the RED
frame is applied. Lateral canthopexies are performed, and subperiosteal midface
suspension sutures are inserted prior to closure of the coronal incision. The medial
canthus is left attached to the bone.

The RED frame is applied parallel to the Frankfort plane. The wires attached to
the fixation plates are attached and tightened onto two parallel bars, one at the level
of the supraorbital rim and one at the level of the pyriform margin. These provide
the vector of pull on the central midface. Two nasopharyngeal airways are inserted
at the end of the procedure and sutured in place. A nasogastric tube is also inserted.

Device activation is started following a 7-day latency period. Activation pro-
ceeds at approximately 1.4 mm per day (0.7 mm twice a day). Initially, activation is
performed by turning the screws at the back of the frame. Towards the end of the
distraction period, final adjustments to the facial appearance are made by further
tightening the maxillary and/or supraorbital wires at the front of the frame. The
decision to stop distraction is based on clinical judgement. The main emphasis is on
obtaining a satisfactory orbitozygomatic correction, rather than focussing on occlu-
sal position, which can be later corrected with a Le Fort I osteotomy if necessary.
The RED frame is removed after a 6-week consolidation period [1].

We chose an external distraction system (the RED frame) over an internal system
in order to take complete advantage of the skeletal ‘unbending’ that the bipartition
achieves. The internal systems apply their forces mainly to the malar regions to
produce (particularly in the younger child) a bend of the face that worsens rather
than reduces the existing concavity [13]. The RED frame with the wires attached at
various sites allows differential pull on the central part of the face and permits fine
adjustments during the advancement process. A proportion of the ‘unbending’ takes
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place initially at the time of osteotomies, but differential forward advancement also
occurs at the points at which the distraction force is applied to the osteotomised seg-
ment (Figs. 8.3 and 8.4).

All patients undergo 3D CT scans preoperatively, immediately following removal
of the frame and again at 6 months.

Fig.8.3 (a, b) A female patient with Apert syndrome who underwent bipartition distraction at age
12 years. (¢, d) Follow-up photographs are shown at about 14 months postoperative. Figure repro-
duced with permission from Greig et al. 2013
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Fig. 8.4 (a, b) A male patient with Apert syndrome who underwent bipartition distraction at age
17 years. (¢, d) Follow-up photographs are shown at 8§ months postoperative. Figure reproduced
with permission from Greig et al. 2013
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8.3  Outcomes of Bipartition Distraction

A retrospective audit was performed of 20 patients (19 Apert, 1 Pfeiffer; age 1.6—
21 years) who underwent bipartition distraction using the Rigid External Distraction
(RED II) System (KLS Martin, Jacksonville, FL.) from 2004 to 2010 [1]. There were
ten females and ten males. There were two broad age groups: 17 patients of age
10-21 years (mean 15.2 years) and 3 patients of age 1.6—4 years (mean 2.6 years).
The follow-up period ranged from 15 months to 7 years.

Indications for the procedure included upper airway obstruction [n = 19; 11
mild, 4 moderate, and 4 severe (five were on regular CPAP, three had an elective
tracheostomy inserted at the time of surgery and removed at RED frame removal)],
elevated intracranial pressure (n = 3) and the need for ocular surface protection
(n=11; five mild corneal exposure with punctate erosions needing lubricants, two
moderate corneal exposure with evidence of old corneal scarring, four severe expo-
sure with active ulceration and/or a history of globe herniation). Adolescent
patients and patients without functional issues requested aesthetic improvement.
Patients who had elective tracheostomies at the time of surgery had more than one
indication for surgery with, for example, the need for ocular surface protection
and/or elevated ICP.

Eleven of the 20 patients had presurgical orthodontic therapy using either full
arch or sectional fixed appliances to open a space for the osteotomy. The remaining
nine were too young or space already existed. The decision to open a space was
surgeon-led.

The procedure produced functional and aesthetic benefits in all patients. Facial
advancement improved corneal protection in all patients, relieving globe herniation
in the most severely affected patients. Of the three patients who had evidence of
elevated intracranial pressure, indicated by papilloedema on funduscopy and/or
electrodiagnostic tests, papilloedema resolved postoperatively in all three patients.
Another patient with an indwelling preoperative VP shunt developed elevated intra-
cranial pressure postoperatively, diagnosed by deterioration in VEPs, and required
a posterior vault expansion.

A subjective assessment was made of the severity of syndromic craniofacial dys-
ostosis dysmorphology. Fourteen patients were graded as moderate and six as
severe. Postoperative aesthetic appearance was graded: 14 had a mild appearance, 5
had a moderate appearance and 1 patient had a severe appearance. We found that 4
out of 20 patients (20%) had no change in their severity of appearance. Appearance
was measured on a three-point scale (mild, moderate, severe), and it is recognised
that this is not a sensitive evaluation. Examples of pre- and postoperative changes in
appearance are shown (Figs. 8.3 and 8.4).
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L

Fig. 8.5 Pre- and postoperative CT measurements were taken using OsiriX software of sella-
nasion and sella-A point and compared with measurements between sella and the lateral
orbital wall

Bipartition distraction produced a consistent differential central facial advancement.
Mean central advancement at sella-nasion was 13.2 mm (SD 5.9 mm) and at sella-A
point was 11.7 mm (SD 5.4 mm). Mean lateral advancement was 4.7 mm (SD 2.8 mm).
The differential movements are shown (Figs. 8.5 and 8.6). The opportunity to perform
distraction osteogenesis meant that the facial appearance could be ‘fine-tuned’ and
adjusted until the facial aesthetic appearance was optimal. This is why the procedure
was not performed as a single stage, even though some patients required relatively small
advancements. Another reason was due to concerns about the safety of single-stage
traditional or acute frontofacial advancement procedures as previously described [11].

Mean change in lateral interorbital distance was —5.4 mm (SD 4.6 mm). The
mean change in bony interorbital distance was —4.4 mm (SD 2.8 mm). The mean
reduction in lateral interorbital angle was 13.6° (SD 6.7°).
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Fig. 8.6 CT scans demonstrating the differential advancement of the face after bipartition distrac-
tion, comparing average lateral and central movements for all patients. Central advancement was
measured from sella to nasion (mean preop = 6.19 cm, mean postop = 7.52 c¢m), and lateral
advancement was taken as the average measurements from the sella to the right lateral orbit (mean
preop = 7.01 cm, mean postop = 7.49 cm) and from the sella to the left lateral orbit (mean
preop = 6.93 cm, mean postop = 7.43 cm). Preoperative average measurements are shown in blue,
and postoperative average measurements are shown in red. The vertical arrow shows the vector of
anterior distraction. The curved arrows demonstrate that the face ‘unbends’ with this procedure.
The figure is drawn to scale, and the scale bar represents 1 cm. Figure reproduced with permission
from Greig et al. 2013

8.3.1 Postoperative Occlusal Issues

The operation results in a transverse expansion of the maxilla, which is not always
symmetrical (because the two halves of the face may need to move by different
amounts). Vertical mismatch between the two halves of the maxilla was not
observed. The postoperative strategy is to allow the two halves of the maxilla to
collapse spontaneously over a period of 3—6 months. Force was not applied to cor-
rect the maxillary width because of concern about moving the orbits apart. In addi-
tion, there is the risk of moving teeth into the osteotomy site where there is little
bone. An older patient required active collapse of the maxilla, and a removable
appliance was used to contract the maxillary width without moving the incisors into
the osteotomy site. Definitive orthodontic treatment is undertaken after the biparti-
tion either in preparation for orthognathic surgery or in isolation if the intermaxil-
lary relationships are satisfactory. Two patients required an alveolar bone graft
where there was insufficient bone to move the incisors together in the midline.

8.3.2 Complications

Complications observed during follow-up included the following: six temporary
CSF leaks (four patients required a lumbar drain), five patients with late-onset
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postoperative seizures, five patients requiring RED frame repositioning, one palatal
fistula, one velopharyngeal incompetence, five pin site infections, one retrofrontal
abscess, three infections with sepsis, nine patients with increased strabismus, two
patients with enophthalmos, one partial visual field loss and three patients requiring
reintubation because of aspiration.

One major complication was a partial visual field loss in one eye. The patient
aspirated and was reintubated and admitted to PICU from recovery. The patient
developed a sluggish left pupil and left strabismus. There was no retrobulbar haem-
orrhage. We theorised that it could have been due to either rotation or traction on the
optic nerve. Over-medialisation of the lateral orbital wall may have put pressure on
the lateral rectus muscle belly.

CSF leaks can lead to intracranial infection if there is a communication between
the nasopharynx and the intracranial compartment. Many of the initial monobloc
distraction patients experienced this problem; therefore, a protocol was imple-
mented. It included avoiding making the midline osteotomy posterior to the fora-
men caecum (thus avoiding tearing the dura over the crista galli), insetting a
pericranial flap into the anterior cranial fossa floor defect and the application of
TISSEEL fibrin sealant (Baxter, Deerfield, IL, USA) or DuraSeal (Covidien,
Mansfield, MA, USA) to the pericranial flap in the cranial base prior to frontal
reconstruction.

Frontofacial advancement is associated with a high complication rate, and
complications can occur in between 10 and nearly 60% of patients [21]. Weighed
against this are the enormous potential functional and aesthetic benefits of fron-
tofacial distraction. Many of these operations, particularly in the younger age
group, are undertaken for functional reasons and for prevention of the inevitable
morbidity of phenotypically severe syndromic craniosynostosis. Mortality rates
have varied between 0 and 4.5%. There has been a general decline in reported
mortality rates with surgical experience, and the most recent series report mor-
talities of less than 1% [21]. The incidence of significant blood loss (greater than
one blood volume) in patients undergoing monobloc osteotomy varied between
5.3 and 9.1%. CSF leaks following monobloc distraction are common (incidence
2-20%). Most of these leaks settle spontaneously. The incidence of frontal bone
flap necrosis requiring debridement and a subsequent cranioplasty varied between
3 and 20% [21].

8.4 Geometric Morphometrics

Principal component analysis (PCA) allows the comparison of the shape of a
postoperative skull of a patient with Apert syndrome to that of the preoperative
skull and comparison to that of a normal skull [22]. Landmarks can be applied to
3D CT scans of the skull of a preoperative patient with Apert syndrome and
warped to the mean of a skull which represents the mean of the normal popula-
tion. Differences in surface distance can be shown by means of a colour map,
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Fig. 8.7 Geometric morphometric colour map of postoperative versus expected normal 3D CT
scan. Frontal view depicts positive and negative surface differences. Light blue and green areas
show correspondence between the postoperative and normal scans. Figure reproduced with per-
mission from Crombag et al. 2014

which superimposes the skulls over each other (Fig. 8.7). This technique allows
preoperative and postoperative skulls to be compared with each other and also
compared with a skull representing the mean of the normal population [22]. This
tool has shown that facial bipartition distraction is effective in correcting the
hypertelorism. The bipartition distraction procedure also corrects orbital position
and midface hypoplasia and ‘unbends’ the face. However, the analysis has shown
that it does not correct the shape of the orbits. Warping the skull from postopera-
tive to normal shows that there is residual turribrachycephaly and deformity of the
lateral orbital wall and zygoma (Fig. 8.7).

8.5 Alternative Surgical Approaches to Correct
the Apert Face

Other groups have described their experience in treating the midface deformity in
Apert syndrome using acute Le Fort III osteotomy [9, 23], Le Fort III midface
distraction [13, 14, 24-29], dual Le Fort III minus I and Le Fort I midface distrac-
tion [30], monobloc distraction [24, 25, 31, 32] or facial bipartition [24, 25, 32, 33].
Posnick stated that ‘A Le Fort III osteotomy is virtually never adequate for an ideal
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correction of the residual upper and midface deformity of Apert syndrome’ and that
when using the facial bipartition approach, a more normal arc of rotation of the
midface complex is achieved with the midline split [25].

Another group has used Le Fort II midface distraction with simultaneous zygo-
matic repositioning to normalise the facial ratios in Apert syndrome patients [34].
The surgical aim was to vertically elongate and sagittally rotate the central midface,
maintain globe position and improve the relationship between the inferior orbital
rim and the anterior cornea. They performed morphometric analysis of 3D CT scans
of four patients with Apert syndrome treated with Le Fort II distraction and zygo-
matic repositioning and compared them with five Apert patients treated with Le Fort
IIT distraction, with five untreated patients with Crouzon syndrome and with six
non-syndromic patients of comparable age [34]. Vertical and axial facial ratios were
calculated. With Le Fort III midface distraction, the facial ratios of patients with
Apert syndrome did not change with surgery and remained lower than the normal
controls and the patients with Crouzon syndrome. With the Le Fort II segmental
movement procedure, the central face advanced and lengthened more than the lat-
eral orbit. Differential movement changed the preoperative abnormal facial ratios
into ratios that were not significantly different from normal controls [34]. The Le
Fort II distraction with simultaneous zygomatic repositioning also decreased the
anterior open bite by rotating the palate clockwise. The procedure levelled the pal-
pebral fissure by differentially moving the medial orbit and medial canthi to a posi-
tion inferior to the lateral orbit and lateral canthi. It also reduced the prominent
nasojugal folds and lengthened the nasal dorsum. The Le Fort II distraction with
zygomatic repositioning the hypertelorism.

Pearls and Pitfalls

Pearls

Facial bipartition distraction:

* Corrects hypertelorism.

* Advances the midface.

* Unbends the face.

* Corrects the lateral canthal axis.

* Corrects upper facial asymmetry.

e Corrects the narrow upper dental arch.

* Good operation to improve function at any age and treats:
— Upper airway obstruction
— Elevated ICP
— Globe exposure.

* Ideal timing for deformity correction is age 8—12 years, although osteoto-
mies to correct occlusion may be required later.
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Pitfalls

Facial bipartition distraction does not correct:

e Turricephaly

* Biparietal widening

* Midface height disproportion

It can have adverse effects on lower midface symmetry and occlusion.

Risks of surgery include infection, bleeding, CSF leaks, later-onset postop-
erative seizures, transverse expansion of the maxilla (with risks of palatal
fistula, velopharyngeal incompetence or need for alveolar bone grafting),
increased strabismus, overcorrection or under correction.
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Midface Distraction: Orthodontic
Considerations

Pradip R. Shetye and Barry H. Grayson

9.1 Introduction

Distraction osteogenesis has become an important clinical tool in craniofacial sur-
gery. Initially applied to lengthening of the human mandible [1], the technique has
subsequently been used to reconstruct all components of the craniofacial skeleton,
including the maxilla, zygoma, and cranial vault. One of the most beneficial appli-
cations of distraction has been advancement of the midface in patients with cleft lip
and palate, midface hypoplasia, and craniosynostosis syndromes.

Midface hypoplasia is a common finding in patients with syndromic craniosyn-
ostosis (Apert, Crouzon, and Pfeiffer syndromes). The midface hypoplasia is char-
acterized by nasomaxillary and zygomatic hypoplasia, upper dental arch retrusion,
and an anterior crossbite. There may also be associated exorbitism and increased
intracranial pressure. The condition was traditionally treated using LeFort III or
monobloc osteotomy with acute midface advancement, bone grafting, and rigid
fixation. While this resulted in a decrease in corneal exposure and improvements in
obstructive sleep apnea, dental relations, and dysmorphic facies, there were signifi-
cant drawbacks to the LeFort III acute osteotomy with immediate advancement.
Soft tissue resistance and deficiencies limited acute skeletal advancement. These
were other problems: prolonged operative time, bleeding, infection prolonged sur-
gical procedure (especially with monobloc advancement), extended hospital stays,
and the need for bone graft harvest.

Distraction following LeFort III or monobloc osteotomy has become the preferred
choice for midface advancement especially in the pediatric patient. The indications
are discussed in more detail in Chapter 7. At our institution, LeFort III distraction is
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undertaken for 4- to 7-year-old patients. The advantages of the distraction technique
include elimination of the need for bone grafts and rigid fixation (thus avoiding sec-
ondary donor-site morbidity), possibility of larger advancement, reduced need for
blood transfusion, and shorter hospital stays [2]. Computed tomography studies have
demonstrated that new bone is generated at the site of the osteotomy [3]. Currently,
midface distraction or monobloc can be achieved by using either an external halo
device or paired internal (buried) devices. For larger advancement, our preference is
to use a rigid external distraction (RED) device, as it provides better stabilization and
control of the midface segment during the activation phase of distraction.

9.2 Preoperative Evaluation

As part of the planning for a midface distraction, the patient should undergo a com-
prehensive evaluation. Soft and hard tissue should both be examined in static and
active positions. The occlusal cant, mandibular range of motion, and paths of open-
ing and closing should be documented. The amount of corneal exposure and the
relationship of the lateral and inferior orbital rims to the apex of the globe must be
documented. Formal ophthalmologic and neurosurgical assessments are mandatory.

9.2.1 Diagnostic Records

The craniofacial skeletal relationship should be documented with a medical-grade
or cone-beam computed tomography scan, 2- and 3-dimensional photographs, and
dental study models. With current imaging software (such as Dolphin Imaging), a
traditional lateral cephalogram, a panoramic radiograph, and a posteroanterior (PA)
cephalogram can be generated from a computed tomography or cone-beam com-
puted tomography. These records become important tools in evaluating craniofacial
morphology and planning the placement of the distraction device and the occlusally
bonded dental splint. These tools enable the clinician to calculate the appropriate
distraction vector and plan the device placement. The dental study model is used to
identify anticipated occlusal interferences and to construct the occlusally bonded
dental splint, which is cemented to the dentition during the distraction process.

9.3  Predistraction Orthodontic Therapy

The patient preparing for LeFort III or monobloc distraction may need limited presur-
gical orthodontic treatment, depending on the occlusal findings. This may include
maxillary expansion or leveling of the occlusal plane. The patient must also be seen by
a pediatric dentist to confirm that he or she does not have any active decay. It is impor-
tant to reinforce satisfactory oral hygiene during and after the distraction process.
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Fig.9.1 Splint design (traditional) for LeFort III or monobloc distraction. (a) Splint construc-
tion using orthodontic headgear embedded in acrylic and fabricated on dental study model. (b)
Splint cemented with glass inonomer cement on the maxillary dentition (applied in the operating
room)

9.4  Splint Construction for LeFort lll or Monobloc
Distraction: Traditional

A traditional (or nonrigid) intraoral splint is constructed by incorporating an orth-
odontic headgear bow into the occlusal acrylic bite registration. The internal wire of
the headgear bow (the thinner one) is closely adapted to the maxillary dentition, and
the outer bow (the thicker one) is bent perpendicularly out and configured to con-
struct outrigger hooks (Fig. 9.1). The height of the outrigger hooks will depend on
the age of the patient and on the patient’s planned vector of distraction. The inner
wire is then embedded in self-curing acrylic dental resin to construct the dental
splint. The dental splint is cemented in the operating room using light-cured glass
ionomer cement. If the patient has multiple missing teeth, suspensory wires (026
gauge) are passed through drilled holes in the zygomas and the holes in the splint to
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Fig. 9.2 Patient fitted with
the external halo and
attachments to the intraoral
dental splint (traditional)
and to the skeletal posts via
0.026-gauge stainless steel
wires

reinforce it in the event that the cemented splint becomes detached from the denti-
tion during the course of distraction. The dental splint is connected to the RED
frame via .018 in. (026-gauge) stainless steel wires to the horizontal bar on the RED
frame. The height of the vertical rod attachment can also be adjusted to achieve the
desired height for the optimal distraction vector (Fig. 9.2).

9.5 Splint Construction for LeFort lll or Monobloc
Distraction: Rigid

This is a modified version of the distraction splint, and it has a rigid connection
(instead of wire attachments) from the dental splint to the vertical rod of the RED
device (Fig. 9.3). The design permits better control of the occlusal plane and, in
turn, improves the position and the stability of the midface segment during the
activation phase. The appliance consists of an intraoral component and an extraoral
component that attaches to the RED device. The intraoral component consists of a
wire mesh, which can be trimmed to adapt to the form of the maxillary arch form
on the dental cast. Once adapted to the dental arch, it is embedded in self-curing
acrylic dental resin to construct the dental splint. The attachment to the dental
splint is adjustable in all three planes with the help of a driver. The horizontal
extension from the dental splint is connected to the adjustable vertical rod, which,
in turn, is attached to the vertical carbon rod of the RED device. The height of the
vertical rod can also be adjusted to achieve the desired height for the optimal dis-
traction vector (Fig. 9.4).
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Fig.9.3 Splint design (rigid) for LeFort III or monobloc distraction. (a) Splint construction using
prefabricated wire mesh splint from KLS Martin®. (b) The intraoral splint is embedded in acrylic
and fabricated on a dental study model

9.6 Orthodontic Therapy During Activation
9.6.1 Control of the Position of the Osteotomized LeFort Il

To attain the desired occlusion and craniofacial form, it is essential to control the
position of the osteotomized LeFort III/monobloc segment during distraction. In the
traditional or acute LeFort III surgical advancement, the midface segment is acutely
repositioned with the assistance of a prefabricated occlusal splint. The midface is
buttressed in position with bone grafts and secured with rigid skeletal fixation
plates. With precise preoperative planning, the procedure can be performed with a
high degree of reliability. This stands in contrast to the LeFort III/monobloc distrac-
tion procedure, which has a certain degree of uncertainty with regard to the final
position of the LeFort III midface segment. This is especially true when attempting
to control the vertical position of the midface following completion of the
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Fig. 9.4 (a) Patient fitted with the external halo and attachments to the rigid custom-fabricated
dental splint. (b) Serial lateral cephalograms taken (left) pretreatment and (right) after device
removal. Note the overcorrection accomplished with a positive dental overjet and control of the
occlusal plane with rigid distraction splint

osteotomy. The final position of the midface following activation depends on the
location and the direction (vector) of force application (relative to the maxillary
occlusal plane).

The change in position of the osteotomized LeFort III segment during midface
distraction can be predicted by controlling the location and direction of the force
applied to the mobilized skeleton. The center of resistance of the mobilized LeFort
111 /monobloc segment is located slightly above the halfway point between the upper
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Fig.9.5 (a) The center
of resistance (red dot) of
the mobilized LeFort 111
segment is located at a
point 55% of the distance
between the maxillary
occlusal plane and the
nasion. (b) The influence
of the masseter muscle
(arrows) causing
posterior inferior descent
on the position of the
mobilized LeFort I11
segment when there is
absence of a rigid splint
(wire fixation)

incisor tip and the nasion [4]. The location of this point will vary according to the
patient’s age and degree of skeletal maturation. It can be measured at a point 55% of
the distance between the maxillary occlusal plane and the nasion [4] (Fig. 9.5). If the
distraction force is applied at this level, the LeFort III midface segment can be pre-
dicted to advance forward without adversely affecting the maxillary occlusal plane.
The soft tissue envelope and the muscle attachments both exert influence on the
actual location of the center of resistance. Having determined the center of resistance
for the LeFort III segment, the surgeon can then apply appropriate forces to achieve
a controlled change in the position of the midface during distraction osteogenesis.
Equally important is the fact that, if force is directed below the center of resis-
tance, the LeFort III segment will rotate in a counterclockwise direction. This will
result in an anterior openbite, as the maxillary incisors move superiorly and the
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molars move inferiorly. Conversely, if the line of force of distraction passes above
the center of resistance and parallel to the maxillary occlusal plane, the bony seg-
ment will rotate in a clockwise direction, and this may cause excessive advancement
of the zygomas and infraorbital rims.

Following the classic subcranial LeFort III or monobloc osteotomy and the
mobilization of the osteotomized segment, absorbable sutures are used at the lateral
orbital wall to return the mobilized segment to its native position relative to the
cranium. An acrylic-and-wire splint (traditional) with outrigger hooks is then
secured to the maxillary teeth with dental cement. If needed, distraction-fixation
pillars (intraosseous screws) may be secured to the maxilla at the pyriform aperture.
The RED device (KLS Martin) is secured to the cranium with pins. Two .018 in.
26-gauge stainless steel wires then connect the distraction posts and the oral splint
to the distraction units on the crossarms of the RED device’s vertical bar. Wires can
also be passed from the pillars through the shin at the alar crease to the crossarm on
the vertical bar of the halo device.

Patients undergoing midface distraction have a mean latency period of 5-7 days.
The device is activated for 0.5 mm, twice per day, to complete the desired planned
advancement. Activation of the device is concluded after sufficient maxillary
advancement has been achieved, as judged by clinical (orbitozygomatic contour)
and dental evaluations and through assessment of the lateral cephalometric findings.
One of the objective criteria to conclude midface advancement during the activation
phase is to bring the infraorbital rim just behind the plane of the cornea to avoid
enophthalmos. At the end of distraction, especially in growing patients, at least
5-6 mm of positive overjet should be present. The device is left in position for an
average consolidation period of 8 weeks. The RED devices and intraoral splints are
removed in the operating room after the consolidation period. Lateral canthopexies
are often performed during this procedure. There is no need for internal rigid fixa-
tion after removal of the distraction device.

9.7 Outcomes
9.7.1 Skeletal Changes

The effect of midface distraction on maxillary skeletal position and clinical appear-
ance in patients with Crouzon, Pfeiffer, and Apert syndromes was studied at 1 year
after distraction [5]. This retrospective longitudinal study examined the lateral
cephalograms of patients who had undergone midface distraction with RED devices.
The study demonstrated that, following distraction, the mean advancement was
17.16 mm at the upper incisal edge, 15.85 mm at point A, and 12.72 mm at the
orbitale. The maxillary and mandibular skeletal discrepancies were significantly
decreased, with the ANB angle changing from —5.87 to +13.17°. At the 1-year fol-
low-up, the upper incisor edge, point A, and orbitale were all stable and did not
exhibit any relapse. It is interesting to note that, post-distraction relapse, which can
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be observed following mandibular distraction, was not observed following midface
distraction.

9.7.2 Comparison Between Traditional (Acute)
and Distraction Midface Procedure

While traditional LeFort III or monobloc advancement and midface distraction
osteogenesis are well described, there is a paucity of reports in the literature that
compare the different techniques using a large series of patients.

A review of the clinical and cephalometric outcomes of midface advancement
using the three different techniques for LeFort III midface advancement was
reported by the NYU team [2]. The records of 212 syndromic craniosynostosis
patients were reviewed from the period of 1973-2006. A total of 60 patients satis-
fied the inclusion criteria; the mean age of the sample at surgery was 6.2 years. In
group 1 (1977-1987), fixation was performed using interosseous wiring and inter-
maxillary fixation; in group 2 (1987-1996), fixation was achieved using rigid-plate
fixation; and in group 3 (2000-2005), the patients underwent midface distraction
using the RED device. Cephalometric landmarks were identified and digitized at
each of the time intervals (preoperative, postoperative, and 1 year postoperative).

The mean advancement measured at point A in group 1 was 9.7 mm; it was
10.6 mm in group 2 and 16.1 mm in group 3. There was no statistically significant
difference in the amount of advancement between groups 1 and 2. However, when
groups 1 and 2 were compared to group 3, there was a statistically significant differ-
ence (P < .05). No statistical significance was noted within or between the three
groups at the 1-year follow-up, indicating relative stability of the advanced midface
segment.

The clinical findings in this study also indicated that the distraction technique
reduced operating time (mean below 6 h), blood loss (mean 678 mL), and length of
hospital stay (mean 5.3 days). The improvements in these outcome metrics can be
attributed to the less invasive nature of the distraction technique; the avoidance of
bone graft harvest, intermaxillary fixation, plates, and screws; and the reduction of
operating times (with attendant decreases in blood loss and hypothermia). The
avoidance of bone grafts also decreases the risk of infection.

9.7.3 Soft Tissue Changes Following Distraction

The soft tissue profile changes following LeFort III (midface) distraction in growing
patients with syndromic craniosynostosis were also studied [6]. The cohort con-
sisted of 20 syndromic patients who underwent LeFort III distraction using a RED
device. The mean age at surgery was 5.7 years (range: 3—12.5 years). Lateral cepha-
lograms were obtained preoperatively (time 1), after distraction device removal
(time 2), and 1 year after distraction (time 3). Profile landmarks (10 for skeletal or
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hard tissue and 11 for soft tissue) were identified and digitized at time points 1, 2,
and 3. The x and y displacements of each landmark were studied to determine the
ratio of changes in the soft tissue to changes in the hard tissue. The results showed
that the ratio of horizontal changes in the soft tissue to those in the hard tissue was
0.73:1 for the nasal dorsum to the orbitale and 0.86:1 for the soft tissue tip of the
nose to the anterior nasal spine. The same ratio at point A was 0.88:1. The horizontal
ratio of the upper lip position to the labial surface of the maxillary incisor was
0.88:1. The ratio of nasal tip elevation to anterior nasal spine advancement was
0.27:1. The result of this study supported the hypothesis that a linear relationship
exists between soft tissue changes and hard tissue (skeletal) changes in the horizon-
tal direction for the midface landmarks following LeFort III distraction. However,
the study showed a nonlinear relationship between soft tissue changes and hard tis-
sue (skeletal) changes in the vertical direction.

9.7.4 Five-Year Follow-Up

Patients who underwent midface distraction were also followed 5 years post-
distraction. Midface distraction stability that was observed at 1 year remained stable
at 5-year follow-up. Orbitale point shows remodeling by moving posteriorly
0.58 mm, point A moved anteriorly by 2.08 mm, and upper incisor advanced by
1.93 mm. However, orbitale, point A, and upper incisor edge descended 3.23, 5.2,
and 6.35 mm. This indicated that there was recordable vertical growth of the mid-
face and minimal horizontal growth [7].

9.7.5 Airway Changes Following Distraction

Patients with syndromic craniosynostosis with severe upper respiratory tract
obstruction can benefit significantly from midface distraction, as evidenced by
improvement in the symptoms of obstructive sleep apnea and decannulation [8].
Midface distraction increases the angle of the velum in relation to the cranial base.
The nasopharyngeal and velopharyngeal spaces, which are the areas most con-
stricted in patients with advanced airway obstruction, are significantly expanded by
LeFort IIT distraction. The ratio of bony advancement to anteroposterior airway
expansion is approximately 1:0.5 in the nasopharynx and 1:0.25 in the velopharynx.
Because of the proportionate expansion of the airspace in relation to bony sagittal
advancement, a large midface advancement is required to produce a significant
expansion of the compromised airspace. It was also observed that a constriction of
the lateral airspace behind the velum is also relieved by midface advancement.
Therefore, the volumetric increase of the airspace may be greater than what is sug-
gested in the lateral cephalogram. Although LeFort III distraction can improve air-
way function, it must be emphasized that patients with syndromic craniosynostosis
can have multiple anatomic sites of respiratory obstruction and dysfunction.
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Pearls and Pitfalls

* Midface distraction, as compared to traditional advancement, achieves
greater linear advancement with less morbidity.

* Vector control and prevention of counterclockwise rotation of the dis-
tracted segment must be part of preoperative planning.

e Activation in the growing child is not discontinued until there is overcor-
rection at the orbitozygomatic and maxillary occlusal plane.

* Device rigidity and force strength are absolute requirements.

* The distracted midface segment is stable at 1 and 5 years.
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Distraction of the Cranial Vault 1 0

Jordan W. Swanson and Jesse A. Taylor

10.1 Introduction

Building on the early clinical use of distraction osteogenesis by Codivilla and
Ilizarov for orthopedic limb deformities [1, 2], and its maxillofacial application by
McCarthy for lengthening the mandible [3], distraction was first applied to the cra-
nial vault in 1997 by Do Amaral and colleagues who reported their experience dis-
tracting the fronto-orbital region in seven elementary school-aged children with
Apert or Crouzon syndrome, with satisfactory results [4]. The following year,
Lauritzen described two cases in which cranial springs were used to achieve gradual
and effective expansion of the posterior vault and a monobloc segment, respectively
[5]. In 1998, Hirabayashi reported the first distraction-mediated fronto-orbital
advancement (FOA) in an infant with Apert syndrome [6]. In 2002, Imai and associ-
ates described refinement of a cranial distraction protocol in 20 patients with syn-
dromic and nonsyndromic craniosynostosis [7].

Early use of DO in the cranial vault was not merely the employment of a new
technology looking for novel applications. A growing literature evaluating out-
comes of the first three decades of craniofacial surgery identified that a substantial
number of patients who underwent fronto-orbital advancement required second-
ary surgical treatment for increased intracranial pressure or unsatisfactory
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craniofacial morphology [6, 8, 9]. This was particularly true for patients with
syndromic craniosynostosis [10, 11]. Some of these pioneers posited that by ele-
vating and advancing the frontal and orbital bones off of and beyond the dura,
subsequent resorption of the devascularized bone was potentially a contributing
factor. This also potentially risked higher rates of dural injury and infection with
revision surgery [6]. They suggested that cranial vault distraction might preserve
frontal growth and might be accomplished in a shorter operating time, with
decreased blood loss, and shorter hospitalization than with conventional
techniques.

10.2 Benefits and Mechanisms of Cranial Vault Distraction

Distraction osteogenesis conveys several benefits as well as some drawbacks
compared to conventional bony reconstruction [12]. As applied to the cranium,
particularly for cranial expansion, the benefits appear to be borne out in several
specific ways. Craniometric analysis shows that posterior vault expansion medi-
ated by distraction can exceed conventional expansion volume by more than two-
fold [13], and decreased relapse has been reported anecdotally [14]. The
importance of gradual soft tissue expansion is crucial, because it is often the fac-
tor that limits the extent of expansion; furthermore, the consequence of a scalp
incision breaking down under tension over exposed dura can be life threatening.
In addition, an increasing body of evidence comparing conventional to distrac-
tion-mediated posterior vault expansion and fronto-orbital advancement show an
improved perioperative morbidity profile [15, 16]. This may enable distraction to
be safely applied in younger patients, facilitating earlier alleviation in cases of
elevated intracranial pressure [17-21]. Two particular advantages of cranial vault
distraction may be (1) preventing morbidity that could be life-threatening in
severity and (2) enabling greater degrees of advancement and expansion to impart
a more functionally beneficial outcome than would be achievable with conven-
tional methods.

There are, however, several drawbacks of cranial vault distraction. The duration
of the cranial distraction process, spanning weeks postoperatively rather than hours
intraoperatively, requires family participation. Even with compliance, there is also
the risk of mechanical device failure postoperatively. Device removal mandates a
return to the operating room.

10.2.1 Mechanism of Ossification

In young children who undergo cranial vault expansion mediated by distraction
devices, ossification is likely to result from a combination of osteogenesis from the
bone edge and durally mediated ossification. To the degree that the cancellous com-
ponent of cranial bone facilitates distraction osteogenesis, this is likely to play a
greater role after the first year of age. To a degree, each of these forces may be
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substitutable. For instance, spring-mediated cranioplasty is likely to engender rela-
tively greater dural ossification, because it is typically performed within the first
6 months of age, and most of the activation distance is achieved in the first few days
postoperatively. In contrast, distraction osteogenesis is likely the primary mecha-
nism of ossification in a monobloc frontofacial advancement in a 5-year-old patient.
From a practical standpoint, the duality of distraction and dural osteogenesis may
increase the risk of premature consolidation in a very young patient. Thus, a shorter
latency period or faster rate of activation may be indicated in very young patients.

10.3 Device Selection

The three-dimensional architecture of the cranial vault introduces spatial and tech-
nical challenges in comparison to the vector of advancement of an extremity bone,
or the uni- or bi-directional but uniplanar frontal movement of mandibular or mid-
face advancement. This has implications for the patterns of osteotomy, complete-
ness of osteotomy, and the orientation and vector of the distraction device. It also
underscores the importance of device selection.

Internal metallic distraction devices are the mainstay of cranial vault distraction.
Mounted footplates are secured to bone adjacent to an osteotomy. Alternatively,
“Molina-type” distraction devices are attached with a single footplate. With rotatory
movement, a piston is gradually extended to enable advancement in a pushing
movement. Distraction devices with activation rods between 25 and 50 mm in
length are utilized for cranial vault distraction. Ratcheting mechanisms prevent
unwinding of the device between activation movements.

External “halo-type” devices are primarily utilized in conjunction with fronto-
facial (monobloc) advancement (Chapter 7).

Absorbable devices for cranial distraction are currently in development, with the
premise that they could avoid a second surgical procedure for device removal [22].

10.3.1 Springs

Developed by Lauritzen, a cranial expansion spring is a passive device applied
under tension which, in trying to reattain its original form, can exert constant force
on adjacent bone segments [23]. It is a segment of wire, approximately 1.5 mm in
diameter, bent into a U shape. When the solitary ends are compressed together, they
can exert a force of generally between 5 and 20 Newtons. Springs have been utilized
in a variety of craniofacial applications including posterior vault distraction, ante-
rior vault distraction, correction of Kleeblattschidel deformity, and fronto-facial
advancement [24]. Springs can be either crafted by the surgeon preoperatively or
purchased as part of a deployable system.

In contrast to conventional distraction devices, which are typically expanded
at a constant rate throughout the activation phase, springs achieve much of their
expansion in the first hours or days after placement. In the cranium, they achieve
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length by stretching adjacent open sutures. Given that they achieve their expan-
sion quite rapidly after placement, it may be that dural ossification plays a greater
mechanism in bone formation than intramembranous ossification from the oste-
otomized bony edges.

10.3.2 Magnetism

Magnetism has been utilized to mediate distraction in limb lengthening [25] and
spinal growth rod movement to correct severe spinal curvature in children with sco-
liosis, using a magnet-driven controller [26]. In each application, an internal distrac-
tion device with a magnetic component is manipulated by way of transcutaneous
interaction with an external magnetic controller in a clinic setting. This feature
reduces the need for transcutaneous hardware, or return to the operating room for
direct device advancement and manipulation, as is customary for scoliosis treat-
ment. In the setting of cranial vault synostoses, magnetism has also been explored
to mediate direct cranial expansion. In two rabbit studies, magnets were surgically
affixed to osteotomized parietal bone segments, which were then oriented to polar
opposite magnets on an external head frame [27, 28]. In a study comparing out-
comes of magnet-mediated versus conventional surgical vault expansion, the study
authors noted two differences between groups [28]. First, the cranial contours of the
animals in the magnetic distraction group were rounded while those of the surgi-
cally repositioned group were more acutely angled. Second, the osteotomies in rab-
bits in the magnetic distraction group were essentially completely ossified, while in
the surgically repositioned group, there were obvious gaps at the osteotomy sites
filled with fibrous tissue. No known application of magnet-mediated cranial distrac-
tion has yet occurred in humans.

10.4 Posterior Vault Expansion

Since White’s description of posterior vault distraction osteogenesis (PVDO) in
2009, a literature has developed describing its safety [13, 15, 29-36] and ability to
convey robust cranial expansion [13, 29, 33]. Steinbacher and colleagues, in their
initial series of eight patients, found the procedure to be effective and reliable with
short-term follow-up [15]. A subsequent comparison of an early series of posterior
vault distraction osteogenesis patients to patients with conventional posterior vault
expansion showed a 15% decrease in blood loss and 40% decrease in hospital length
of stay. However, other studies have shown more similar perioperative safety and
morbidity profiles [37]. A craniometric analysis of 22 patients undergoing posterior
vault distraction for syndromic craniosynostosis revealed an average distraction
length of 27 mm, intracranial volume increase of 21.5%, and normalization of tur-
ribrachycephalic indices [29]. This reflects a considerable benefit over posterior
cranial vault en bloc expansion, which is usually limited to at most 10 mm of expan-
sion and is anecdotally associated with high rates of relapse [14]. From a technical
standpoint, because the posterior bone plate does not need to be removed, the risky
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dissection over the torcula and high rate of posterior non-healing skeletal defects are
avoided [38]. In a multicenter comparison of patients with syndromic craniosynos-
tosis, those who underwent posterior vault distraction achieved an average 142 cm?
of expansion versus an average of 66 cm?® for fronto-orbital advancement, after con-
trolling for growth [13]. The corrected mean volume difference per millimeter of
advancement was 4.6 cm? for fronto-orbital advancement and 5.8 cm?® for posterior
vault distraction osteogenesis [13].

As far as patient selection, posterior vault distraction appears optimal for patients
with syndromic synostosis, who typically exhibit bicoronal craniosynostosis and
brachycephalic or turribrachycephalic cranial phenotype with constriction in the
anteroposterior dimension. With synostosis of multiple cranial sutures, the likeli-
hood of elevated ICP and associated developmental delay is higher. In the authors’
opinion, this warrants early intervention for cranial expansion as soon as safe to do
so. Posterior vault distraction expands the anteroposterior axis to normalize the
cephalic index and achieve large distraction distances and associated volume expan-
sion. The procedure can be performed safely at 3—4 months of age and appears to
show durability of expansion. An additional advantage of early posterior vault dis-
traction osteogenesis is that it preserves the growth of the anterior cranium for sub-
sequent fronto-orbital advancement, which can be performed at an older age with
potentially a more durable resulting contour [39, 40]. We have also recently noted
that following posterior vault distraction but before any anterior cranial surgery, the
degree of frontal bossing appears to improve, particularly in patients with Apert
syndrome [29, 41].

It has been our institutional objective to treat syndromic synostosis patients
with an algorithm that employs early posterior vault distraction osteogenesis.
We found that the algorithm has been successful in delaying the timing of first
fronto-orbital advancement in this patient cohort, compared to patients treated
before the advent of posterior vault distraction osteogenesis [14]. This delay is
likely to convey beneficial anterior growth as well as more optimal and durable
result at the time of fronto-orbital advancement, if it is indeed indicated.
Furthermore, the posterior vault distraction osteogenesis cohort showed a sig-
nificant decrease in the number of fronto-orbital advancements performed in the
first 5 years of life compared to the pre-PVDO group (0.6 v 1.5, p = 0.0237) and
showed a trend toward decreased overall major craniofacial interventions (1.8 v
2.7, p = 0.2087) [14]. Subsequent craniofacial surgery and its timing are dic-
tated by functional and aesthetic evaluation, and optimal patterns are emerging
by syndrome type [14].

One unresolved question is the impact of posterior vault distraction osteogen-
esis on the skull base and foramen magnum. Cerebellar tonsillar herniation has
long been associated with syndromic craniosynostosis, and Chiari malformations
have been shown to be acquired defects, often exacerbated by ventriculoperito-
neal shunting [42, 43]. The incidence of Chiari in Crouzon and severe Pfeiffer
syndrome can be up to 70-100%. Fearon reasons that given this frequency, there
is a high likelihood of needing decompression of the foramen magnum and
enlargement of the lower posterior fossa but that such interventions are durable
primarily after 1 year of age due to bony regrowth [42]. The Seattle team, on the
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other hand, has found that posterior vault expansion can be associated with
spontaneous improvement of the Chiari herniation as well as resolution of the
syrinx [44]. In our institutional experience, we have not seen considerable need
for additional subsequent expansion of the lower posterior fossa or foramen mag-
num decompression (Fig. 10.1).

10.4.1 Surgical Technique

Posterior vault distraction is optimal for patients with syndromic or multisutural
craniosynostosis, particularly as a primary vault expansion between 3 and 6 months
of age, or shortly after presentation in older patients, and as a subsequent expansion
for patients with suspicion for elevated ICP. Preoperative head computed tomogra-
phy (CT) should be obtained. First, this can aid planning of osteotomies. Second, it
can identify prominent emissary veins in the posterior fossa, the ligation of which
could lead to venous thrombosis [45].

In a prone position with the head positioned on a Mayfield headrest, a stealth
coronal incision is designed over the cranial vertex, acknowledging that it will
likely be used for fronto-orbital advancement in the future. Dissection proceeds
posteriorly and supra-pericranially and extends inferiorly past the occipital protu-
berance. The osteotomy is designed generally with the vertical limb to the cranial
vertex and the horizontal limb to a position approximately 1 cm inferior to the

Functional concerns:
* Cerebral
* Craniectomy or shunt for T ICP
<3 months
¢ Ocular
* Tarsorrhaphy
* Airway
¢ Tracheostomy

PVDO

3-6 months of age
(earlier if TICP)

Midface Repeat

Relative *  Frontal and *  Midface or malar Frontal retrusion *  Expansion IC
indications: midface restrusion «  Exorbitism volume
retrusion ) s Exorbitism *  Small expansion *  Brachycephaly
Small expansion « OSA IC volume
IC volume
Exorbitism
OSA

Fig. 10.1 Distraction of the Cranial Vault Algorithm
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The Effect of PVDO on Timing of FOA in Syndromic Craniosynostosis
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occipital protuberance. Interdigitating “teeth” can be employed in older patients;
however, this is not necessary in infants given the degree of dural ossification.
Osteotomies are marked, and the pericranium is stripped directly overlying the
marks. The posterior craniotomy is performed taking care to avoid injury to the
underlying dura. After completion of the osteotomy, further inferior dissection is
performed along the posterior skull base, approximately 2-3 cm in distance.
A series of vertical “barrel-stave” osteotomies are performed to enable six to eight
inferiorly-based bone flaps to be “greenstick”—fractured and flexed with the dis-
tracted segment, so as to allow for greater volumetric expansion of the posterior
cranial base.

Two linear distraction devices, generally 30-50 mm in length, are placed pari-
etally on the cranium, generally at approximately the 2:00 and 10:00 clock posi-
tions in the coronal plane (Fig. 10.2). The device is oriented with the activating
arm directed anteriorly. The device is placed to achieve a vector with the poste-
rior portion canted downward slightly from the Frankfort horizontal, to decrease
the turricephaly slightly. 4-0 PDS sutures are placed between the greenstick infe-
rior bone flaps and the postero-inferior bone flap to prevent a step-off deformity.
Each footplate is affixed with 4-8 blunt-tipped titanium screws, generally
3.5-5 mm in length. A piece of gelfoam is placed between the dura and internal
table corresponding to the device footplates to prevent screw tips from tearing
the dura during activation. If the lambdoid sutures are noted to be mobile, resorb-
able plates are placed spanning each suture so that the sutures do not flex during
activation.

The anterior device arms are either able to exit the scalp through anterior apices
of the stealth coronal incision or through separate stab incisions. Activating arms are
attached and used to verify the distraction mechanism integrity, and the scalp is
closed in layers.

Following a 2-5 day latency period, activation proceeds at a rate of 1 mm daily.
Following a consolidation period of at least 2 months, the patient is returned to the
operating room for removal of distraction devices under general anesthesia.
Figure 10.3 illustrates a patient with Muenke syndrome and bicoronal craniosynos-
tosis who underwent posterior cranial vault distraction.

sagittal sinus

Fig. 10.2 Osteotomy
design and distraction
device placement for
posterior vault distraction

transverse
sinus
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Fig. 10.3 Two-month-old male with Muenke syndrome (a, b). Preoperative CT images (c, d).
Patient in consolidation phase of distraction (e, f) and post-distraction device removal CT scan
(g, h). One year after posterior vault distraction osteogenesis without additional surgery (i, j)
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Fig.10.3 (continued)
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10.5 Middle Vault Expansion

While some groups have advocated middle vault expansion with semi-buried dis-
traction devices, we have adopted spring-mediated middle vault expansion, both
for its ease of use and consistency at achieving a satisfactory cranial morphology
[5, 23, 24].

10.5.1 Surgical Technique

A sagittal strip craniectomy is performed via 3 cm transverse incisions slightly pos-
terior to the anterior fontanelle and slightly anterior to the posterior fontanelle. A
subgaleal tunnel is made between the two incisions anteriorly and posteriorly, and a
1.5 cm sagittal strip craniectomy is performed. Either two or three springs are placed
transversely to the craniectomy, each ranging from 7 to 12 Newtons in force, with a
higher force used posteriorly than anteriorly. Selection of spring force depends on
(1) the age of the patient, (2) thickness of the bone, (3) degree of synostosis present,
and (4) the extent of correction anticipated. The goal is to maximize force without
tearing adjacent bone. The patient’s strip craniectomy bone is morselized and then
replaced deep to the springs as cranial bone graft to facilitate cranial bone regenera-
tion deep to the springs. Springs are generally removed 3 months after the initial
surgery in a one-hour outpatient procedure. Figure 10.4 illustrates a patient with
sagittal ~craniosynostosis who underwent spring-mediated cranial vault
remodeling.

-

Fig. 10.4 Six-week-old with sagittal craniosynostosis (a, b). Preoperative CT scan (¢, d).
Postoperative plain lateral radiograph (e). One year postoperative appearance (f~h)
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Fig.10.4 (continued)
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10.6 Anterior Vault Expansion

Anterior cranial abnormalities are more challenging, because they involve the con-
stricted anterior cranial fossa and the orbits. Anterior cranial expansion has been
reported for patients with syndromic synostosis in conjunction with occipital expan-
sion [46, 47]. However, concerns over frontal distraction in syndromic patients
include the inability to treat the turricephaly associated with the brachycephaly,
long-term stability, and potential need for reoperation [38]. Anterior cranial vault
distraction improves anterior cranial base dysmorphology to a greater extent than
conventional surgery while concomitantly maintaining bone vascularity, both of
which may provide for an enhanced growth trajectory and profile over time [48].

10.6.1 Unicoronal Craniosynostosis (UCS)

Unicoronal craniosynostosis (UCS) is the third most common of the single-suture syn-
ostoses and is characterized by ipsilateral supraorbital rim flattening, elevation and
recession of the forehead, anterosuperior malposition of the sphenoid bone with a lateral
and upwardly oriented greater wing of the sphenoid, deviation of the nasal root to the
affected side, vertical orbital dystopia, temporal retrusion, and a hypoplastic cranial base
[16]. Temporal hollowing is characteristic postoperatively and is attributed to a con-
stricted temporal dimension along the anterior cranial fossa and orbit which is not cor-
rected in a traditional advancement [49]. Furthermore, long-term aesthetic results have
considerable shortcomings, and the rate of revision is not insignificant [50]. In particu-
lar, strabismus appears refractory to conventional fronto-orbital advancement [51].
Choi first described the application of unilateral distraction osteogenesis to
patients with unicoronal craniosynostosis [52]. In order to correct the associated
orbital deformity, a non-devascularizing technique was utilized which maintained
the frontal and orbital components united en bloc. In subsequent comparison of the
distraction patient cohort to a cohort which underwent conventional correction, the
distraction group showed improved correction [48]. Using a similar technique to
Choi, the authors found significant decreases in the duration of surgery (25% shorter),
hospital stay (20% shorter), and trends toward decreased blood loss (57% less), and
ICU stay (50% shorter), when compared to traditional fronto-orbital advancement
[16, 53]. Significantly, we found that the rate of new-onset postoperative strabismus
decreased from 60% in the conventional group to 0% following distraction [53].
Finally, the procedure could be performed at a much younger age group, on average
5 months, a time which may be particularly beneficial given the risk of elevated ICP.

10.6.2 Surgical Technique

Through a stealth coronal incision, subperiosteal elevation of the anterior cranial, fore-
head, and periorbital soft tissues is undertaken as with conventional fronto-orbital
advancement and repositioning. A hemi-coronal suturectomy is performed with an
ultrasonic scalpel following limited dural dissection (Fig. 10.5). Burr holes are then
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placed along anticipated osteotomies with one placed at the base of the fused coronal
suture. Only the dura directly underlying a planned osteotomy is dissected, thus keeping
the majority of the dura attached to the overlying frontal bone. The ultrasonic scalpel is
used to perform all cuts typical of a unilateral fronto-orbital advancement extending to
the medial third of the contralateral orbit; however, the bandeau is kept en bloc with the
frontal bone. Bone cuts include a vertical “perforating” osteotomy contralateral to the
affected side, at the inflection point of the deformity, from the contralateral orbit to the
anterior fontanelle. Inferior orbital cuts are then made along the orbital roof, taking care
to retract the brain and globe to prevent dural or periorbital injury. Additional radial
osteotomies are made along the orbital roof to unfurl the horizontally shortened orbit.

Fig. 10.5 Osteotomy design and burr hole placement for anterior vault distraction in unicoronal
craniosynostosis
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Accessed through the most caudal portion of the suturectomy at the level of the
pterion, malleable retractors allow for careful osteotomy of the greater wing of the
sphenoid and the lateral orbital wall.

A uniplanar cranial distraction device is rigidly fixated to the mid-parietal region with
an anterior and slightly inferior vector to translocate the orbital rim to achieve slight over-
correction. The device is activated to ensure completeness of the osteotomy and returned
to its original position. A drain is placed in the forehead and the scalp is closed in layers.

Activation is started on the second postoperative day at a rate of 1 mm per day.
The endpoint of activation is slight overcorrection of the anterior frontal bone com-
pared with the contralateral side. The subsequent consolidation phase ranges from
8 to 12 weeks. Figure 10.6 illustrates a patient who underwent distraction-mediated
correction of unicoronal craniosynostosis.

10.6.3 Metopic Craniosynostosis

Metopic craniosynostosis is the second most common type of single-suture synostosis
and it is the only subtype whose incidence is on the rise [54]. Early fusion of the metopic
suture causes significant dysmorphology and hallmark characteristics including bilat-
eral supraorbital retrusion, bilateral pterional constriction, trigonocephaly, and hypo-
telorism. Although fronto-orbital advancement and repositioning is generally the
surgical treatment of choice, one of the central concerns in metopic synostosis is the
timing of surgery, given the reduced head circumference and potentially attendant risk
of cranial constriction. Distraction osteogenesis may offer improved durability of result,
perhaps because of non-devascularizing osteotomies, when performed at a younger age.

T

Fig. 10.6 Three-month-old female with right unicoronal craniosynostosis (a, b). Preoperative CT
scan (c, d). Intraoperative view demonstrating osteotomies and position of distraction device (e).
Close-up view demonstrating preoperative orbital dysmorphology and postoperative resolution (f, g).
Two-year follow-up appearance (h, i)
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Fig. 10.6 (continued)
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10.6.4 Surgical Technique

Through a coronal incision, subperiosteal elevation of the soft tissues of the
forehead is undertaken as with conventional fronto-orbital advancement. A nar-
row, 5 mm, metopic suturectomy is performed with the Hudson brace and ultra-
sonic scalpel under direct visualization (Fig. 10.7). Following this, the ultrasonic

Fig. 10.7 Osteotomy and suturectomy design for bilateral anterior vault distraction in metopic
craniosynostosis
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scalpel is used to perform all cuts typical of a bilateral fronto-orbital advance-
ment including coronally oriented osteotomies posterior to the coronal sutures
at the transition between “normal” occiput and “abnormal” forehead. One key
difference is that the frontal bandeau is not separated from the frontal bone as
with fronto-orbital advancement and repositioning. Burr holes at the base of the
coronal sutures in the pterional region permit limited dissection of the frontal
and temporal lobes directly under the osteotomy sites to maintain bone
vascularity. The sphenoid wing and orbital roof osteotomies are made via the
pterional window. Additional radial osteotomies are made along the orbital roof
and frontal bones to allow for gradual remodeling during distraction.

The dura in the region of the metopic suture is placed on stretch,and a2 cm x 1 cm
interpositional bone graft is placed at the nasofrontal junction and fixated with 3-0
PDS sutures to the nasal bones and bilateral frontal bones in a slightly advanced
position. This allows for significant bilateral widening of the forehead on table.
Uniplanar devices are rigidly fixated to the mid-parietal region in the forehead with
an anteroposterior vector in order to translocate the forehead and orbital rims to
their proper location. The scalp is then closed in layers. Activation is started on the
second postoperative day at a rate of 1 mm per day. The endpoint of activation is
slight overcorrection of the fronto-orbital deformity. Figure 10.8 illustrates a patient
who has undergone distraction-mediated fronto-orbital remodeling for metopic
Craniosynostosis.

Fig. 10.8 Two-month-old male with metopic craniosynostosis (a, b). Preoperative CT scan (¢, d).
Postoperative CT scan demonstrating osteotomies and position of distraction devices (e, f). One-
year follow-up photos (g—i)
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Fig. 10.8 (continued)
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Fig. 10.8 (continued)

10.7 Total Cranial Vault Expansion

Patients with multi-suture synostosis, particularly those with cloverleaf or Kleeblattschidel
deformity, present a significant challenge to the craniofacial surgeon. The severity of
synostosis is associated with increased morbidity and mortality secondary to hydroceph-
alus, hindbrain herniation, and venous hypertension [1]; these factors ultimately drive
neurodevelopmental impairment. Physical anomalies include a misshapen, trilobar skull,
with a high “bossed” forehead, a bulging temporal region, and a flat posterior skull [55].
Multiple surgical procedures, including suturectomy, craniectomy, and subtotal calvari-
ectomy, with adjunct ventriculoperitoneal shunting, have been described. In one study
prior to widespread cranial vault distraction, staged correction was advocated due to the
high morbidity of traditional early cranial vault remodeling [55].

Multi-vector distraction and spring-mediated cranial expansion in multi-suture
craniosynostosis have been reported at 1 month and 6-9 months of age, respectively
[56, 57]. We believe several principles underlie successful application of distraction
in this challenging patient population. First, it enables a shorter operation, with an
acceptable blood loss profile to facilitate consideration within the first 2 months of
life. Second, it permits large, gradual expansion of the soft tissue envelope to enable
large first-stage expansion. Third, with minimal devascularization, it may limit
reduction of future growth compared to conventional cranioplasty.

Distraction-mediated surgical treatment is tailored to which sutures are
involved. Suturectomies of involved sutures and liberation of involved fronto-
orbital architecture are the baseline key tenants of treatment. Following osteoto-
mies, distraction devices are placed perpendicular to the involved sutures so as to
achieve expansion in multiple dimensions. Figure 10.9 illustrates a patient with
bicoronal and sagittal craniosynostosis who underwent multi-vector distraction.
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Fig. 10.9 Six-week-old male with bicoronal and sagittal craniosynostosis (a, b). Preoperative CT
scan (¢, d). Intraoperative photo demonstrating osteotomies and device placement (e). Eighteen-
month postoperative appearance (f-h)
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Fig. 10.9 (continued)

10.8 Complications

A structured literature review on posterior vault distraction by Grieves reported a
20-30% level of complications, similar to midface distraction advancements [58—
60]. Dural injury and brain injury are possible, and they can be difficult to diagnose
given the fact that the bone flaps remain in place, not allowing for inspection of the
underlying dura [60]. Incomplete osteotomy can also be difficult to ascertain, as it
can be difficult to feel the difference between a complete and incomplete osteotomy
of the cranium in a young child. Device failure is common and may be due to screw
thread failure, baseplate failure, failure at the interface of the bone and hardware, or
external distractor arm failure [61].

Pearls and Pitfalls

* Cranial vault distraction offers a promising alternative to conventional cra-
nial vault remodeling for treating craniosynostosis.

* Distraction enables an increased magnitude of cranial bone movement by
utilizing gradual expansion of the scalp, and it has been shown to decrease
operative morbidity, blood loss, and hospital length of stay compared to
conventional expansion.

* Distraction may also allow for improved cranial growth trajectory and pro-
file due to its non-devascularizing nature, although this remains untested.

* Nonetheless, cranial vault distraction involves a longer treatment process,
often requiring family participation and an additional procedure for device
removal.

 Posterior vault distraction has gained popularity as an initial intervention for
syndromic craniosynostosis and can be performed safely at 3—6 months of age.
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e Anterior vault distraction, for unicoronal or metopic synostosis, iS more
technically challenging due to pathologic involvement of the orbits and
skull base.

* Future work will focus on development of improved distraction devices,
the elimination of a second operation for device removal, and reduced
length of treatment.
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