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Preface

Optimal management of patients who have sustained facial truma requires a
collaborative interdisciplinary approach that incorporates the clinical exper-
tise of a number of related specialties. This book reflects the efforts and the
contributions to this field from eminent practitioners intimately involved in
the challenging care and management of patients who have required recon-
struction of both acute and established injuries to the facial hard and soft
tissue. Although the treatment of facial injuries has made dramatic advances
over the last decade due to our improved knowledge of wound healing,
anatomy, diagnostic testing, and biomaterials, we trace our current refine-
ments to the pioneering efforts of craniofacial surgery and the work of
Dr. Paul Tessier of Paris, France. This book integrates the significant
contributions made by basic science into the comprehensive care of this
condition as well as the most recent clinical advances in the evaluation
and management of facial injuries.

We give special thanks to our contributors, who willingly shared their
own experience in order to expand our readers’ knowledge base and
improve our colleagues’ final results in the care of their own clinical cases.

This book is dedicated to my wife, Pat, and children, Cody and Lexi
Lee, who allow me the time to take care of my patients and educate our
residents, and to my parents, who afforded me the opportunity to become
a doctor.

Seth R. Thaller
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iv Preface

I would like to thank all our contributors and acknowledge their
advancements in the care of the trauma victim. In these most trying times
for medicine it is comforting to know that these dedicated individuals have
made the sacrifices to care for this world’s unfortunate. I would especially
like to thank my mother, Tommie, and my late father, Thomas E.
McDonald, for all of their sacrifices to help me be who I am, and I dedicate
this book to them.

W. Scott McDonald
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Introduction

Despite society’s ever-increasing concern for personal safety, trauma to the
facial bones and enveloping soft tissue remains a relatively common occurence.
While a significant percentage of these injuries are directly related to motor
vehicle accidents, in urban trauma centers assault is also a common mode of
wounding. In spite of recent progress in surgical technique, technology, and
available biomaterials, the fundamental principles for achieving acceptable
functional and aesthetic results remain constant. This is a comparatively
young surgical specialty with an elegant history. Initially developed by
general surgeons with a particular interest in this field, it has been refined
by dentists, oral surgeons, otolaryngologists, and plastic surgeons.

The growth of tertiary trauma centers has had two important
consequences: severely injured patients are now able to survive their initial
physical insult and will require reconstruction of devastating facial injuries,
and interdisciplinary teams can acquire greater experience with managing
complex facial trauma. An additional benefit is that a dedicated craniomax-
illofacial team not only improves quality of care, but can also be extremely
cost-effective. Concentrated expertise and better technology have allowed us
to answer previously controversial questions in this field. Arriving patients
undergo radiological evaluation—generally CT scanning—that is aimed at
precisely defining the location and magnitude of bony injury. Advances in
managing severely injured patients have permitted early and definitive
primary fracture treatment. Tessier’s craniofacial techniques, including wide
surgical exposure through extensive subperiosteal dissection and extensive

\
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Vi Introduction

primary bone grafting for replacement and reinforcement, are now com-
monly employed. It is now routine for patients to return to a productive life.
This book is the foundation for the comprehensive management of
complex craniomaxillofacial trauma, and serves as the basis for discussing
the evolution in care of the facially traumatized patient. Few areas in
reconstructive surgery have undergone such a rapid transformation.

Alan Livingstone, M.D.
Professor & Chairman
Department of Surgery
University of Miami

Miami, Florida, U.S.A.
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1

Facial Trauma: Overview of
Trauma Care

Igor Jeroukhimov, Mark Cockburn, and Stephen Cohn
University of Miami, Miami, Florida, U.S.A.

. OVERVIEW

In the United States, trauma constitutes the third major cause of death of all
age groups and the leading cause of death among persons less than 44 years
old (1). Currently, more than 400 people die of injuries in the United States
every day (2) and 50% of these deaths occur prior to hospital arrival. The
major causes of trauma-related death are devastating injury of the central
nervous system (50%) and uncontrolled hemorrhage (35%) (3). In addition
to fatal injuries, 37 million people are treated in emergency departments
each year, accounting for 37% of all emergency department visits; 2.6 mil-
lion of these require hospitalization after injury (2). The total cost associated
with injuries is estimated to be more than 250 billion dollars per year.
Satisfactory outcomes for injured patients are strongly influenced by
the initial care delivered, particularly in the so-called “golden hour” follow-
ing admission to the hospital emergency department (4). For some patients,
this period may be only minutes (patients requiring a definitive airway), but
for others, it may be measured in hours (unstable bleeding, pelvic fracture).
Approximately 60% of all trauma-related hospital deaths occur during this
crucial 1-h period. Inadequate assessment and resuscitation contributes to a
preventable death rate of as high as 35% (5). Upon review of more than 500
patient deaths after admission to our center, 80% of those who succumbed
to their injuries in the first hour after arrival did so within the first 15 min.

1
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2 Jeroukhimov et al.

A schematic approach for the treatment of severely injured patients
consists of triage, primary survey, resuscitation, secondary survey, monitor-
ing, and evaluation, and transfer to definitive care (6).

The primary survey is performed to identify immediately life-threaten-
ing injuries.

1. Airway control with cervical spine protection
Breathing and ventilation
Circulation with hemorrhage control
Disability: neurological status
Exposure/environment control

bl N

The primary survey and resuscitation are performed simultancously.
The secondary survey consists of obtaining a complete history and a
“head to toe” examination following the primary survey. Frequent re-
evaluation is performed to recognize and treat any deterioration in the
patient’s condition.

Although often dramatic in appearance, maxillofacial injuries by
themselves are rarely life-threatening. Patients with maxillofacial injury
often have significant associated injuries which confer increased mortality.
These include airway obstruction, head and cervical spine injury, and cavitary
organ injury with ongoing hemorrhage (7). A thorough understanding of
the basic management principles of the multi-injured trauma patient is
therefore essential.

Il. AIRWAY MANAGEMENT IN THE TRAUMA SETTING

The first priority in treatment of the trauma patient is assessment of airway
patency, adequate oxygenation, ventilation, and protection from aspiration
(see Table 1). Airway compromise can occur insidiously and rapidly as a result
of facial injury. The upper airway may be obstructed by the tongue or dis-
lodged teeth. Blood, vomitus, a foreign body, or swollen tissues may also
compromise the airway. If the obstruction is due to tissue laxity or poster-
ior displacement of the tongue, a simple jaw thrust or chin lift maneuver
may quickly alleviate the problem. However, if the blockage is due to a for-
eign body, distorted tissue, or vomited material, evacuating the airway
becomes crucial.

Important information regarding previous difficult intubations; major
comorbid diseases; medications; allergies; drug or alcohol use; and oropha-
ryngeal, laryngeal, or dental diseases is not available in the trauma setting.
Dysphonia, nasal or pharyngeal intonation, and other speech abnormalities
noted during the initial examination may suggest either laryngeal injury or
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Facial Trauma: Overview of Trauma Care 3

nasoethmoid or basilar skull fracture, with retropharyngeal or parapharyn-
geal edema (8). The subtle signs of airway compromise include agitation
(hypoxia) and obtundation (hypercarbia). The use of the accessory muscles
of ventilation may provide additional evidence of airway difficulties. Noisy
breathing such as snoring, gurgling, and crowing sounds (stridor) may be
caused by partial obstruction of the pharynx or larynx. Hoarseness (dyspho-
nia) implies functional laryngeal obstruction. Edema and/or hematoma of
the neck is a harbinger impending airway loss and should lead to early
intubation.

At the scene of injury, if intubation is not necessary, the cervical spine
should be immobilized. Administration of supplemental oxygen and relief of
airway obstruction by manual removal or suction of mucus, blood, and
debris from the mouth and oropharynx, followed by insertion of a well-
lubricated oral airway. This action may allow time for the transport of
injured patients to the hospital. One should remember that a nasal airway
is contraindicated if midface fractures are suspected; furthermore, a force-
fully placed nasal airway may cause nasal bleeding. Oral airway placement
can cause retching and vomiting in the semiconscious patient. This may
induce movement of the cervical spine or increased intracranial pressure
lead to evacuation of intraocular contents in a patient with open-eye
injury (9). The gastric emptying of trauma victims may be delayed by
\pain, intoxication, or head injury (10-12), leading to an increased risk of
aspiration.

A laryngeal mask airway (LMA) device may be inserted with the head
secured in neutral position without use of muscle relaxants (13,14). Airway
and cervical muscle tone are preserved when a secure airway is provided and
right mainstem bronchus intubation can be avoided. The incidence of
aspiration using the LMA during anesthesia in fastened patients is approxi-
mately two in 100,000 cases (15), but no study has demonstrated that a
properly placed LMA is better protection from aspiration than bag/mask
ventilation in the setting of trauma.

The most commonly used device for supporting ventilation is the
bag-valve mask (BVM). BVM ventilation is extremely effective, but
requires careful attention to maintain a tight mask seal, airway patency,
and delivery of adequate tidal volume. The BVM device should be
attached to high-flow supplemental oxygen with delivery of at least
I15L/min to avoid hypoxia. Even in skilled hands, BVM ventilation
requires continuous monitoring of mask seal, airway patency, tidal
volume, foreign material, and gastric insufflation. In patients with severe
midface injury, a mask seal may be difficult to maintain. If adequate ven-
tilation is unsuccessful with the BVM device, immediate intubation or sur-
gical airway should be performed.
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Table 1

Jeroukhimov et al.

Immediate Need for Definitive Airway

Suspect cervical spine injury

!

Oxygenate/ventilate

!

Severe maxillofacial injury

|

Orotracheal intubation with in-line manual cervical immobilization

|

Unable to intubate

!

Surgical airway

lll. INDICATIONS FOR INTUBATION

In spontaneously breathing patients, simple skills such as the removal of
foreign bodies, airway suctioning, and chin-lift jaw-thrust maneuver can
establish airway patency and restore adequate respiration. Intubation is
reserved for those patients who continue to show signs of inadequate
respiration after basic interventions or in those whom these interventions
alone are not likely to sustain appropriate respiration (16).

A. Absolute Indications for Intubation

bl

Airway obstruction unrelieved with basic interventions

Apnea or near apnea

Respiratory distress

Severe neurological deficit or depressed consciousness [i.e., focal
deficit or Glasgow coma scale (GCS) rating less than 9] due to
head trauma or any other cause

B. Urgent Indications for Intubation

1.

hed

Penetrating neck injury (with any signs of airway compromise or
expanding hematoma)

Persistent or refractory hypotension, especially due to active
hemorrhage

Chest wall injury with respiratory dysfunction

Less severe but moderate altered mentation, especially after
head trauma, including both combative and mildly obtunded
patients
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Facial Trauma: Overview of Trauma Care 5

C. Relative Indications for Nonemergent Intubation

1. Oromaxillofacial injury
Impending respiratory failure

3. Need for diagnostic or therapeutic procedures (e.g., computer
tomography or angiography) in patients with risk for deteriora-
tion or those unable to remain motionless during the examination

4. Potential respiratory failure after sedative-analgesic use

D. Direct Orotracheal Intubation

All victims of blunt trauma undergoing urgent intubation should be
regarded as having a cervical spine injury until proven otherwise. Preoxy-
enation should be performed in trauma patients prior to intubation.
Oral endotracheal intubation with manual in-line stabilization of the
cervical spine is the most rapid and reliable method to secure the air-
way of the apneic patient. This approach is superior to blind nasal intu-
bation in terms of safety, success rate, time to intubation, and number
of attempts required. Manual in-line stabilization of the cervical spine
has been shown to significantly reduce extension and rotation of the
cervical spine during laryngoscopy (17). In the optimal situation, three
people are necessary to perform a successful intubation: one to perform
laryngoscopy and intubation, the second to provide cervical spine immo-
bilization, and the third to apply cricoid pressure. Suction devices
should be readily available prior to an attempt at intubation whenever
possible. Pharmacological agents may be given as part of an organized
approach to these patients including sedatives, analgesics, and muscle
relaxants.

E. Nasal Intubation

Nasal intubation is performed in a “blind” fashion and should not be used
in the presence of head and neck injuries. The success rate for this procedure
is significantly lower (65%), and requires more time than orotracheal intuba-
tion (18). Two cases of death from airway obstruction after nasal intubation
have been reported (19). Nasal intubation can only be performed on patients
who are breathing spontaneously and is therefore contraindicated in apneic
patients. It is also contraindicated in those with midfacial, nasal, or basilar
skull fractures. This technique is limited by operator experience and the
frequent development of sinusitis after more than 48-hr duration. Nasal
intubation has no advantages over oral intubation, may be technically more
difficult, and should not be performed in trauma patients.
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6 Jeroukhimov et al.

IV. SURGICAL AIRWAY

A surgical airway is required when basic interventions or intubation does
not succeed (e.g., in cases of severe anatomical distortion of upper airway
from middle or lower facial trauma) (16). At our center with excellent
anesthesiology support services, we rarely have needed to perform a
surgical airway (0.3% of trauma intubations).

A. Cricothyroidotomy

Cricothyroidotomy is the surgical airway of choice because it is simple, easy
to perform, and relatively safe in the trauma setting. One must first identify
anatomical landmarks (i.e., palpation of the thyroid cartilage and crico-
thyroid membrane). A vertical incision is made from the thyroid cartilage
to the cricoid cartilage. The cricothyroid membrane is identified and a
1.5-2-cm transverse incision is made through the membrane followed by
introduction of an endotracheal tube (usually size 6 mm) into the airway.
The complication rate of cricothyroidotomy in the trauma setting appro-
aches 39% (19) and includes minor hemorrhage, hypoxia secondary to
prolonged procedure time, misplacement, esophageal perforation, laryngeal
fracture, thyroid bleeding, and emphysema. Care must be taken to avoid
lateral dissection and low incision. There are anecdotal reports that subglot-
tic stenosis may develop after cricothyroidotomy. This has been postulated
to result from prolonged insertion time resulting in ischemia or from error in
surgical technique. Because of the smaller size and greater soft-tissue
compliance of the pediatric airway, as well as the greater importance of
the cricoid cartilage in maintaining patency of the tracheal lumen, this
procedure is relatively contraindicated in pediatric trauma patients. Particu-
larly in children 12 years old or younger, needle cricothyroidotomy with
later conversion to tracheostomy is typically utilized to avoid subglottic
stenosis (20).

B. Percutaneous Translaryngeal Catheter Insufflation

A large-bore (12-14 gauge) needle may be inserted into the relatively avas-
cular cricothyroid membrane, which is located between the shield-shaped
thyroid cartilage and the interiorly located ring-shaped cricoid cartilage.
This can serve as a temporary measure to oxygenate a patient prior to estab-
lishing a definitive airway.

Severe hypercarbia may develop if the jet insufflation extends beyond
40 min. High-pressure or jet insufflation may lead to serious complications
(subcutaneous emphysema, pneumathorax, pneumomediastinum, and neck
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Facial Trauma: Overview of Trauma Care 7

hematoma from injured thyroid vessels) and should never be used in the
trauma setting.

C. Tracheostomy

Tracheostomy is a poor choice of procedure for emergent airway control.
The trachea lies deep in the neck surrounded by an extensive vascular supply
and the isthmus of thyroid gland. Tracheostomy may be required in patients
with acute laryngeal trauma in whom placement of a tube through the
cricothyroid may complicate existing laryngeal injury.

V. AIRWAY MANAGEMENT IN THE PRESENCE OF
MAXILLOFACIAL TRAUMA

Maintenance of the airway in the setting of significant maxillofacial injuries
is mandatory. Death may occur from early airway obstruction, particularly
in patients with mandibular fracture or combined maxillary, mandibular,
and nasal fracture (21,22). When the patient is in the supine position, the
“horseshoe” configuration of the mandible suspends the tongue. Loss of
this suspensory arch causes the tongue to fall posteriorly and completely
obstruct the airway. In addition, soft-tissue swelling around injured oro-
nasal structures, especially when combined with decreased mentation, can
result in loss of airway patency (23). Nasotracheal intubation is contraindi-
cated because of possible midface instability and the potential that the tube
will be inserted into the brain through the cranium. Swelling and hemor-
rhage within the hypopharynx may rarely make endotracheal intubation
impossible. Under these circumstances, a surgical airway should be created
to prevent asphyxia. The incidence of tracheotomies in maxillofacial injuries
varies between 0.9 and 12.3% (24-26). At our center, only three surgical air-
ways were performed in 1003 trauma patients requiring intubation during
the last 2 years. Acute airway obstruction with failed endotracheal intuba-
tion or planned prolonged intubation is considered to be an indication for
tracheotomy (27). Fiberscopic intubation is not routinely performed in
patients with maxillofacial injury owing to the presence of blood in the
upper airway limiting visibility.

VI. BREATHING AND VENTILATION

Four major pathological conditions affecting ventilation should be
recognized during the primary trauma assessment: tension pneumothorax,
open pneumothorax, massive hemothorax, and flail chest. Tension
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8 Jeroukhimov et al.

pneumothorax is a clinical diagnosis characterized by chest pain, signs of
respiratory compromise, tachycardia, hypotension, absence of unilateral
breath sounds, and later, tracheal deviation and neck vein distention. Treat-
ment consists of immediate large-bore-needle decompression of the pleural
cavity in the second intercostal space, midclavicular line followed by chest
tube insertion. Open pneumothorax results from a traumatic defect of the
chest wall large enough to permit air to enter into the pleural cavity. If
the opening in the chest wall exceeds two-thirds the diameter of the trachea,
air passes preferentially through the chest defect with every respiratory
effort; the so-called ““sucking chest wound.” Initial management includes
prompt occlusion of the wound with a large dressing, overlapping the
wound’s edges, and taping securely on three sides to provide a flutter-type
valve effect. A chest tube should be placed remote from the wound. In
patients with a flail-chest injury, an unstable segment of the normally rigid
chest wall moves “paradoxically,” in an opposite direction from the rest of
the thoracic cage during the respiratory cycle. While a relatively unusual
injury seen in 5-13% of the patients with chest trauma (28,29), flail chest
is a marker for other significant injuries, specifically underlying lung
contusion. Pulmonary contusion accompanies about one half of flail-chest
injuries and appears to be the major cause of hypoxia in these patients.
Diagnosis of flail chest is based on clinical findings of a paradoxically mov-
ing segment of the chest wall accompanied by rib crepitus and local pain,
and is confirmed with chest x-ray. More than 70% of patients with
flail chest have pneumothorax and/or hemothorax (30,31). Massive
hemothorax results from the rapid accumulation of more than 1500 mL of
blood in the pleural cavity. Clinically, massive hemothorax is usually asso-
ciated with symptoms of hypovolemic shock, absent breath sounds, and
dullness to percussion over the hemothorax. Treatment consists of simulta-
neous decompression of the involved pleural cavity and restoration of
circulating blood volume.

VIl. ASSESSMENT OF CIRCULATORY STATUS AND
HEMORRHAGE CONTROL

After proper airway control and respiratory management, initial assessment
of the circulatory status is required. The initial diagnosis of shock (inade-
quate delivery of oxygen to the tissues) is based on clinical signs, not labora-
tory data. Signs of hypoperfusion lead to immediate investigation into the
source of blood loss. Most trauma patients in shock are experiencing bleed-
ing resulting in hypovolemia. Rarely these patients may present to the hos-
pital after trauma with neurogenic, cardiogenic, or even septic shock. Organ
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hypoperfusion does not result from isolated brain injury but can result from
spinal cord injury, resulting in the loss of sympathetic tone. Cardiogenic
shock may rarely result from direct myocardial injury, but more likely from
an acute ischemic event. Septic shock is very unusual except in patients
whose arrival has been delayed for many hours or days.

Hemorrhage is therefore the most common cause of shock in trauma
patients. Thirty-five percent of all trauma-related deaths in the prehospital
setting occur from uncontrolled hemorrhage. Profound hemorrhagic shock
can be easily recognized because of obvious signs of inadequate perfusion of
the central nervous system, skin, and kidneys. Hypotension is not mani-
fested until more than 25% of the blood volume (20mL/kg body weight
(BW) or 1500 mL in a 70-kg patient) is lost. Therefore, subtle signs of occult
hemorrhage such as agitation and mild increase of heart rate should be
recognized as possible early signs of blood loss. Base deficit should be
assessed with arterial blood gas analysis upon arrival and serially to aid in
the diagnosis of metabolic acidosis secondary to hypovolemia. Two large-
bore venous catheters should be placed to achieve efficacious access for fluid
resuscitation.

The patient’s response to initial fluid resuscitation is the key determi-
nant guiding further therapy. A rough guideline of the total amount required
for crystalloid resuscitation is to replace every milliliter of blood lost with
3mL of crystalloid fluid, thus allowing replenishment of plasma volume
and accounting for loss to the interstitial and intracellular spaces. The deci-
sion to start the infusion of blood is based on the patient’s failure to respond
to the initial fluid bolus. The primary purpose of blood administration is to
provide additional oxygen-carrying capacity and to restore circulating
volume. Fully cross-matched blood is preferred, but cross matching requires
45 min to complete. Type-specific blood can be provided within 10 min and
this blood is compatible with ABO and Rh blood types. When type-specific
blood is unavailable, type O packed red blood cells are utilized for unstable
patients with life-threatening hemorrhage. Thus, the initial management
goals in the care of the trauma victim with hemorrhagic shock include iden-
tification of the source of bleeding, achieving hemostasis, and resuscitation.
Significant hemorrhage in a trauma patient may occur at multiple locations
including: external bleeding; intracavitary hemorrhage into the pleural space
or peritoneal cavity; bleeding into muscle and subcutaneous tissue from con-
tusions and fractures; and bleeding into the retroperitoneum.

External hemorrhage from wounds is usually obvious and can be con-
trolled by direct pressure. Sometimes bleeding from extremity wounds must
be controlled by application of a tourniquet. Tourniquet time longer than
1 h should be avoided. External bleeding from lacerations (e.g., scalp) or
vascular injuries may be quiescent until blood volume is restored.
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Bleeding into the pleural cavity from large vessels like the aorta or pul-
monary vessels is universally fatal. Bleeding from smaller vessels (intercos-
tals or internal mammary) or from the lung’s parenchyma can produce a
hemothorax, which can be easily diagnosed by clinical examination and
chest x-ray. Less than 10% of patients with traumatic hemothorax require
thoracotomy. The remainder can be treated by thoracostomy tube drainage
alone.

Substantial intra-abdominal blood loss can occur without obvious
clinical signs. Hemoperitoneum may be easily diagnosed by abdominal
ultrasonography or diagnostic peritoneal lavage. Only stable patients are
able to undergo abdominal computed tomography (CT). Patients in shock
with hemoperitoneum require urgent laparotomy.

The amount of blood loss into extremities or muscle layers of the torso
is frequently underestimated (32-33). The blood loss from a femoral shaft
fracture may reach 1-2 L. Pelvic fractures, renal injuries, and disruption
of lumbar vessels might be the source of severe -retroperitoneal injury.
Patients in shock with suspected arterial bleeding from a pelvic fracture
should have diagnostic CT-angiography followed by angiographic emboli-
zation of the bleeding vessel.

Reassessment of the adequacy of resuscitation is essential to prevent
organ dysfunction. Persistence of significant base deficits, uncorrectable lac-
tic acidosis, and oliguria are all indicators of inadequate resuscitation. The
initial goal in volume resuscitation should be restoration of organ perfusion
rather than increased blood pressure. Serial examinations should be per-
formed to identify evidence of ongoing hemorrhage, such as hypothermia,
coagulopathy, and metabolic acidosis. Patients must be maintained in a
warm environment and all infused solutions heated to 39°C before admin-
istration. Transfusion of coagulation factors, fresh-frozen plasma, and pla-
telets is guided by clinical coagulation status supplemented by laboratory
tests. Certainly, all efforts should be directed toward controlling hemorrhage
rather than treating its complications.

Vill. LIFE-THREATENING BLEEDING FOLLOWING
MAXILLOFACIAL TRAUMA

Life-threatening bleeding following maxillofacial trauma is rarely related
exclusively to facial injuries. The occurrence of severe bleeding from facial
trauma is found in 1-11% of patients (34-36). The origin of bleeding is
complex because the vascular supply of the face involves branches of both
internal and external carotid arteries. In addition, several anastomoses
exist between the external and internal carotid branches. Traumatic facial
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bleeding originates from both hard-soft-tissue sources, adding to the diffi-
culty of determining the exact source of bleeding (36). The origin of bleeding
in maxillofacial trauma is usually the internal maxillary artery and its
intraosseous branches. The course of the maxillary artery passes within
the borders of common complex facial fractures. In addition, branches of
the external carotid artery, such as the lacrimal, zygomatic, and ethmoidal
arteries, may play a major role in the origin of bleeding (27).

Different methods for the control of bleeding of maxillofacial in ori-
gin have been described. Rapid resuscitation followed by posterior nasal
packing is sufficient to control most bleeding. Immediate reduction of
fractures is mandatory to control bleeding from the intraosseous branches.
Ligation of the external carotid artery has been suggested, but this pro-
cedure is rarely successful owing to the collateral blood supply. Angio-
graphy with selective embolization of bleeding vessels is often helpful
(37-39).

IX. ASSESSMENT OF NEUROLOGICAL STATUS
(DISABILITY)

A rapid neurological assessment is performed as a part of the primary
trauma survey. Level of consciousness, pupillary size and reactivity, and
motor response are evaluated. Alcohol and other drugs may impact on
the sensorium. Injury to the central nervous system must be excluded as a
primary reason for neurological changes concurrent with the restoration
of oxygenation and circulation. Hypoxemia and hypovolemia (secondary
insults) worsen the morbidity and mortality associated with brain injury.
Patients with severe head injury (GCS < 9) should undergo immediate intu-
bation with mechanical ventilation irrespective of respiratory status at that
time. As clinical examination of the abdomen in patients with severe brain
injury is not possible, abdominal ultrasound or diagnostic peritoneal lavage
should be performed in the early stages of management of the hypotensive
patient with apparent brain injury.

Completion of the neurological examination is performed during the
secondary survey and serial evaluations of the level of consciousness are
mandatory. We perform a brain CT scan in every patient with known
loss of consciousness, a GCS score of less than 15, or evidence of injury
above the clavicles. Even using these strict criteria, the positive CT scan
rate has been shown to be as low as 6% (40,41). The incidence of brain
injury in patients with maxillofacial trauma varies from 15 to 48% (42).
The risk of serious brain injury is particularly high with upper facial
injury.
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X. CERVICAL SPINE

Cervical spine injuries occur in 1.5-3% of blunt trauma victims, 25-75% of
which are unstable (43-45). Patients with clinically significant head trauma
may have a greater risk of cervical spine injury (4.9 vs. 1.1% without head
injury), and the incidence increases to 7.8% in trauma victims with a GCS
score less than 8§ (46). Neurological deficit is present in 30-70% of patients
with a significant cervical spine fracture and is most commonly associated
with fracture dislocation of C5-C7 (47). Below the level of C5, the vertebral
canal is narrower and bilateral facet dislocation and wedge fractures can
result in subluxation of over 50% of vertebral bodies with spinal canal or
cord injury. The diagnostic sensitivity of the combination of cross-table lat-
eral, anteroposterior, and odontoid radiographs of the cervical spine is 92%;
however, 7-20% of all cervical spinal injuries occur at the level of C7-T1
(48). The optimal visualization of these vertebrae may be difficult to obtain
despite shoulder retraction (swimmer’s view) and the use of cervical spine
CT scan, which may be needed to rule out cervical spine injury (49). Despite
widespread use of cervical-spine immobilization, delay in the diagnosis of
spine fractures still occurs in 10-14% of patients. In patients with unrecog-
nized injuries, secondary neurological injury is 7.5 times greater than in
patients in whom cervical injury is recognized early (50-51). For that reason,
during tracheal intubation, all trauma patients should be managed as if they
had a cervical spine injury. We have added a cervical-spine CT scan to every
head CT scan performed (which is required in all patients with significant
maxillofacial injury). This procedure adds little time or cost and we feel that
it improves accuracy and early identification of injuries in complex patients.
Patients with injuries usually arrive to the hospital with spine protec-
tion in place, including cervical collar and spinal board. These protective
devices should not be removed before injury to the spine is excluded clini-
cally or radiographically. Multicenter studies have confirmed a very low
probability of cervical-spine injury if the patient meets none of the five fol-
lowing clinical criteria: midline cervical tenderness, focal neurological defi-
cit, altered sensorium, painful injury, or distracting injury (sensitivity 99%,
negative predictive value 99.8%) (61). Patients who meet one of the criteria
should undergo radiological tests to exclude injury of the spine.
Maxillofacial trauma is often associated with cervical spine injury. The
incidence of cervical spine fracture varies from 2 to 6% (52,53). Spinal inju-
ries associated with mandibular fractures typically involve the first or second
cervical vertebra, whereas middle or upper facial trauma typically is asso-
ciated with injuries of the lower cervical spine (54). Prompt diagnosis of
cervical-spine injury in patients with maxillofacial trauma is imperative
for two reasons. First, the presence of cervical trauma in association with
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maxillofacial injury makes airway management more difficult. Second, tra-
ditional methods of treatment for maxillofacial trauma may require specific
alterations in management related to the care of specific cervical-spine frac-
tures and associated neurological compromise (55,56).

Xl. COMPLETION OF ASSESSMENT AND
MANAGEMENT OF THE TRAUMA PATIENT

Reassessment of vital signs, complete history of the mechanism of injury,
past medical history, and a meticulous head-to-toe examination must be
obtained in every trauma victim following an appropriate response to the
initial resuscitation. Every trauma patient should be treated as if he has a
“full stomach.” Nasogastric or orogastric tubes should be used for stomach
decompression in all patients with an altered level of consciousness, who
require intubation, or who have associated abdominal injuries.

Baseline laboratory tests should include only an arterial blood gas
with hematocrit and a type and cross matching. Other laboratory tests are
not useful in the typical trauma victim. Base deficit obtained as a part of
blood gas analysis has considerable clinical significance. The magnitude of
a metabolic acidosis has prognostic value (57). In patients with a normal
GCS, mortality exceeds 50% if base deficit is more than 20 (58-60). A per-
sistent metabolic acidosis reflects a state of ongoing hypoperfusion.

Xil. RADIOLOGICAL EVALUATION

The two diagnostic radiological studies that must be performed early in the
care of the trauma patient with significant blunt trauma are the anteropos-
terior view of the chest and pelvis. Abdominal ultrasound has proved to be
very sensitive in determining intraperitoneal as well as intrapericardiac fluid
and has almost replaced the diagnostic peritoneal lavage (62-64). The lim-
itations of ultrasound include its low sensitivity in detecting retroperitoneal
injuries or hollow-viscus injuries in the early stages of trauma when no intra-
peritoneal fluid exists. Lavage is more sensitive in detecting hollow-viscus
injury and diaphragmatic injuries than ultrasound but it is more time con-
suming, requires special equipment and surgical skill, and has an approxi-
mately 1% major complication rate.

CT scanning is an extremely helpful diagnostic method, particularly
for assessing solid-organ injury and retroperitoneal injury. Organ injury
scales based on CT findings combined with the patient’s clinical condition
permit safe, nonoperative management of some injuries. The presence of
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vascular “blush” (area of increased enhancement) in solid organs or pelvic
vessels diagnosed by CT may be controlled by angiographic embolization.
CT provides sufficient information about injuries to retroperitoneal organs
(pancreas, adrenals, kidneys, and retroperitoneal parts of the colon and
duodenum). It is also very sensitive for the diagnosis of spine and pelvic
fractures. There are two major limitations of CT scanning in trauma
patients. First, unstable patients cannot be transferred to the CT room,
and second, the diagnosis of hollow-viscus injury lacks reliability.

The role of interventional radiology in the management of trauma
patients is currently evolving. Spiral CT-angiography has largely replaced
conventional angiography in many trauma centers; however, diagnostic
angiography is still the procedure of choice in many hospitals around
the world. The angiographic signs of hemorrhage or vascular injury
include: (1) extravasation of contrast; (2) outpouching of the arterial wall
that contains contrast, which represents the rupture of the intima and
media but not adventitia of the vascular wall (pseudoaneurysm); (3)
abrupt cutoff of a vessel; and (4) arteriovenous fistula, seen as an early fill-
ing of the venous system from an injured arterial wall. Angiography is not
only an extremely sensitive diagnostic test, but can also be an excellent
treatment modality. Different embolic materials are used for bleeding
control in trauma patients with a high success rate. Angioplasty and stent
placement can also be appropriate in the trauma patient. Partial occlusion
or flow-limiting dissection in situations where surgical repair is not feasible
may be managed by placement of an intravascular stent with improvement
of blood flow. Other imaging modalities such as magnetic resonance
imaging are still under investigation and are not routinely used in the
acute-trauma setting.

Xill. CONCLUSION

In summary, the critical importance of establishing a definitive airway and
maintaining adequate respiratory function and circulation cannot be under-
stated. The recognition that traumatic brain injuries account for 50% of
trauma-related deaths is key. Secondary hypoxic and, more importantly,
hypotensive insults must be avoided. The various diagnostic modalities that
help in identifying injuries to the head, chest, abdomen, and pelvis must be
utilized in a rapid and efficient manner while observing the patient’s
response to resuscitation. Finally, those patients who become hemodynami-
cally unstable or fail to respond to resuscitation belong either in the operat-
ing room (intracavitary bleeding) or in the angiography suite (bleeding from
pelvic fracture).

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



Facial Trauma: Overview of Trauma Care 15

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Fingerhut LA, Warner M. Injury chartbook. Health, United States, 1996-97,
Hyattsville, MD, National Center for Health Statistics, 1997.

MacKenzie EJ, Fowler CJ. Epidemiology. In: Mattox KL, Feliciano DV,
Moore EE, eds. Trauma. New York: McGraw-Hill, 2000:2:22.

Sauaia A, Moore FA, Moore EE, Moser KS, Brennan R, Read RA, Pons PT.
Epidemiology of trauma deaths: a reassessment. J Trauma 1995; 38(2):185-193.
Trunkey DD. Trauma Sci Am 1983; 249:28.

Cales RH, Trunkey DD. Preventable trauma deaths: a review of trauma system
development. JAMA 1985; 254(8):1059-1063.

American College of Surgeons Committee on Trauma. Resources for the
Optimal Care of the Injured Patient. Chicago: American College of Surgeons,
1993.

Gwynn PP, Carraway JH, Horton CE et al. Facial fractures-Associated injuries
and complications. Plast Reconstr Surg 1971; 47:225.

Nicolaou D, Kelen GD. Airway management for the trauma patient. In:
Cameron JL, ed. Current Surgical Therapy. St. Louis: Mosby, 1998:911-917.
Robinson JS, Muddler DS. Airway control. In: Mattox KL, Feliciano DV,
Moore EE, Trauma. New York: McGraw-Hill, 2000:173-188.

Simpson KH, Stakes AF. Effect of anxiety on gastric empting in preoperative
patients. Br J Anaest 1987; 59(5):540-544.

Kao CH, Changlai SP, Chieng PU, Yen TC. Gastric empting in head-injured
patients. Am J Gastroenterol 1998; 93(7):1108-1112.

Zaricznyj B, Rockwood CA Jr, O’'Donoghue DH, Ridings GR. Relationship
between trauma to the extremities and stomach motility. J Trauma 1977;
17:920.

Pennant JH, Pace NA, Gajraj NM. Role of laryngeal mask airway in the im-
mobile cervical spine. J Clin Anesth 1993; 5(3):226-230.

Logan A. Use of laryngeal mask in a patient with unstable fracture of cervical
spine. Anaesthesia 1991; 46:987.

Berry A, Brimacombe J. Risk of aspiration with the laryngeal mask. Br J
anaesth 1994; 73(4):565-566.

Vukmir RB, Rinnert KJ, Krugh JW. Trauma airway management. In: Peitz-
man AB, Schwab CW, Yealy DM, eds. The Trauma Manual. Philadelphia:
Lippincott-Raven, 1998:91.

Majernick TG, Bieniek R, Houston JB, Hughes HG. Cervical spine movement
during orotracheal intubation. Ann Emerg Med 1986; 15(4):417-420.

Shearer VE, Giesecke AH. Airway management for patients with penetrating
neck trauma: a retrospective study. Anesth Analg 1993; 77(6):1135-1138.
Standards and guidelines for cardiopulmonary resuscitation (CPR) and emer-
gency cardiac care (ECC). JAMA 1980; 244:453.

Brantigan CO, Grow JB Sr. Subglottic stenosis after cricothyroidotomy. Sur-
gery 1982; 91(2):217-221.

Manson PN. Some thoughts on the classification and treatment of Le Fort frac-
tures. Ann Plast Surg 1986; 17(5):356-363.

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



16

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Jeroukhimov et al.

Gruss JS. Complex craniomaxillofacial trauma: evolving concepts in manage-
ment: a trauma unit’s experience. J Trauma-Injury Infect Crit Care 1990;
30(4):377-383.

Seyfer AE, Hansen JE. Facial trauma. In: Mattox KL, Feliciano DV, Moore
EE, eds. Trauma. New York: McGraw-Hill; 2000:415-435.

Schultz RC. Facial injuries from automobile accidents: a study of 400 consecu-
tive cases. Plast Reconstruct Surg 1967; 40(5):415-425.

Markowitz BL, Manson PN, Sargent L, Vander Kolk CA, Yaremchuk M,
Glassman D, Crawley WA. Management of the medial canthal tendon in
nasoethmoid orbital fractures: the importance of the central fragment in classi-
fication and treatment. Plast Reconstruct Surg 1991; 87(5):843-853.

Manson PN, Ruas EJ, Iliff NT. Deep orbital reconstruction for correction of
posttraumatic enophthalmos. Clin Plast Surg 1987; 14(1):113-121.

Ardekian L, Rosen D, Klein Y, Peled M, Michaelson M, Laufer D. Life-threa-
tening complications and irreversible damage following maxillofacial trauma.
Injury 1998; 29(4):253-256.

Nakayama DK, Ramenofsky ML, Rowe MI. Chest injuries in childhood. Ann
Surg 1989; 210(6):770-775.

LoCicero J, Mattox KL. Epidemiology of chest trauma. Surg Clin North Am
1989; 69:15.

Ciraulo DL, Elliott D, Mitchell KA, Rodriguez A. Flail chest as a marker for
significant injuries. J Am Coll Surg 1994; 178(5):466-470.

Freedland M, Wilson RF, Bender JS, Levison MA. The management of flail
chest injury: factors affecting outcome. J Trauma-Injury Infect Crit Care
1990; 30(12):1460-1468.

Pedowitz RA, Shackford SR. Non-cavitary hemorrhage producing shock in
trauma patients: incidence and severity. J Trauma-Injury Infect Crit Care
1989; 29(2):219-222.

Mullins R. Management of shock. Mattox KL, Feliciano DV, Moore EE, eds.
Trauma. New York: McGraw-Hill; 2000:212.

Frable MA, El-Roman N, Lenis A, Hung JP. Hemorrhagic complications of
facial fractures. Laryngoscope 1974; 84(11):2051-2057.

Gwyn PP, Carraway JH, Horton CE, Adamson JE, Mladick RA. Facial frac-
tures—associated injuries and complications. Plast Reconstruct Surg 1971;
47(3):225-230.

Ardekian L, Samet N, Shoshani Y, Taicher S. Life-threatening bleeding follow-
ing maxillofacial trauma. J Cranio-Maxillo-Facial Surg 1993; 21(8):336-338.
Solomons NB, Blumgart R. Severe late onset epistaxis following Lefort I osteo-
tomy: angiographiclocalization and embolization. J Laryngol Otol 1988; 102:260.
Olley SF. An aid to rapid nasal and post-nasal packing. Br J Oral Surg 1978;
16(2):179-182.

Cooke ET. An evaluation and clinical study of severe epistaxis treated by arter-
ial legation. J Laryngol Otol 1985; 99(8):745-749.

Haydel MJ, Preston CA, Mills TJ, Luber S, Blaudeau E, DeBlieux PM. Indica-
tions for computed tomography in patients with minor head injury. N Engl J
Med. 2000; 343(2):100-105.

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DExkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 0



Facial Trauma: Overview of Trauma Care 17

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Miller EC, Holmes JF, Derlet RW. Utilizing clinical factors to reduce head CT
scan ordering for minor head trauma patients. J Emerg Med 1997; 15(4):453-
457.

Miller EC, Derlet RW, Kinser D. Minor head trauma: is computed tomogra-
phy always necessary?. Ann Emerg Med 1996; 27(3):290-294.

O’Malley KF, Ross SE. The incidence of injury to the cervical spine in patients
with craniocerebral injury. J Trauma 1988; 28(10):1476-1478.

Ross SE, Schwab CW, David ET, Delong WG, Born CT. Clearing the cervical
spine: initial radiologic evaluation. J Trauma 1987; 27(9):1055-1060.

Bayless P, Ray VG. Incidence of cervical spine injuries in association with blunt
head trauma. Am J Emerg Med 1989; 7(2):139-142.

Hills MW, Deane SA. Head injury and facial injury: is there an increased
risk of cervical spine injury? J Trauma 34(4):549-553; discussion 553-554,
1993.

Black P. Injuries of the spine and spinal cord: management in the acute phase.
In: Zuidema G, Rutherford R, Ballinger W, eds. The Management of Traumas.
Philadelphia: WB Saunders, 1979; :226-253.

Nichols CG, Young DH, Schiller WR. Evaluation of cervicothoracic junction
injury. Ann Emerg Medic 1987; 16(6):640-642.

Woodring JH, Lee C. Limitation of cervical radiography in the evaluation of
acute cervical trauma. J Trauma 1993; 34(1):32-39.

Rosen P, Wolfe RE. Therapeutic legends of emergency medicine. J Emerg Med
1989; 7(4):387-384.

Reid DC, Henderson R, Saboe L, Miller JD. Etiology and clinical course of
missed spine fractures. J Trauma 1987; 27(9):980-986.

Merritt RM, Bent JP, Porubsky ES. Acute laryngeal trauma in pediatric popu-
lation. Ann Otol Rhinol Laryngol 1998; 107(2):104-106.

McCabe JB, Angelos MG. Injury to the head and face in patients with cervical
spine injury. Am J Emerg Med 1984; 2(4):333-335.

Lewis VL, Manson PN, Morgan RF, Cerullo LJ, Meyer PR. Facial injuries
associated with cervical fractures: recognition, pattern and management.
J Trauma 1985; 25(1):90-93.

Haug RH, Wible RT, Likavec MJ, Conforti PJ. Cervical spine fractures and
maxillofacial trauma. J Oral maxillofacial Surg 1991; 49(7):725-729.
Ardekian L, Gaspar R, Peled M et al. Incidence and type of cervical spine inju-
ries associated with mandibular fractures. J Cranio-Makxillofacial Trauma 1997;
3:18.

Siegel JH, Rivkind Al, Dalal S, Goodarzi S. Early physiologic predictors of
injury severity and death in blunt multiple trauma. Arch Surg 1990;
125(4):498-508.

Rutherford EJ, Morris JA Jr, Reed GW, Hall KS. Base deficit stratifies mortal-
ity and determines therapy. J Trauma-Injury Infect Crit Care 1992; 33(3):417-
423.

Davis JW, Parks SN, Kaups KL, Gladen HE, O’Donnell-Nicol S. Admission
base deficit predicts transfusion requirements and risk of complications.
J Trauma 1996; 41(5):769-774.

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



18

60.

61.

62.

63.

64.

Jeroukhimov et al.

Mizock BA, Falk JL. Lactic acidosis in critical illness. Crit Care Med 1992;
20(1):80-93.

Hoffman JR, Mower WR, Wolfson AB, Todd KH, Zucker MI. Validity of a set
of clinical criteria to rule out injury to the cervical spine in patients with blunt
trauma. National Emergency X-Radiography Ultilization Study Group. N Engl
J Med 2000; 343(2):94-99.

Rozycki GS, Ochsner MG, Schmidt JA, Frankel HL, Davis TP, Wang D,
Champion HR. A prospective study of surgeon-performed ultrasound as the
primary adjuvant modality for injured patient assessment. J Trauma 1995;
39(3):492-498.

Dolich MO, McKenney MG, Varela JE, Compton RP, McKenney KL, Cohn
SM. 2,576 ultrasounds for blunt abdominal trauma. J Trauma 2001; 50(1):108—
112.

McKenney KL, McKenney MG, Cohn SM, Compton R, Nunez DB, Dolich
M, Namias N. Hemoperitoneum score helps determine need for therapeutic
laparotomy. J Trauma 2001; 50(4):650-654.

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DExkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 0



2

Microsurgical Options
in Facial Trauma

Milton B. Armstrong
University of Miami, Miami, Florida, U.S.A.

. INTRODUCTION

Facial injuries are commonplace in today’s society. Motor vehicle accidents,
accidental injuries, and falls (1) comprise the majority of causes for complex
facial wounds. Basic trauma principles are utilized during initial stabiliza-
tion of patients. This requires careful airway management, cervical spine
stabilization, and evaluation of concomitant injuries. With complex wounds
of the head and face neurological, craniomaxillofacial, and vascular injuries
have to be managed in a systematic fashion. All traumatic facial injuries
require readiographic assessment, usually in the form of computed tomogra-
phy (2,3). After completion of these preliminary portions of the patient’s
management, definitive surgical care can then be addressed. The following
discussion will be limited to treatment of large defects of soft tissue and bone
requiring microsurgical intervention.

Il. SCALP/SKULL

Loss of larger portions of the scalp (greater than one quarter) often requires
complex reconstruction. The loss of this significant an amount of soft tissue
will require the addition of distant tissues. The majority of large scalp
defects are the result of extirpation of cutaneous carcinomas as seen in
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multiple studies (4-8). The latissimus dorsi and rectus abdominis muscle
flaps have proven to be great adjuncts in reconstruction of large scalp
defects (4-7), as have scapular cutaneous flaps with or without bone for
composite defects (8). The muscle will cover defects up to 490cm? (5).
For scalp defects, the flap is best utilized as a muscle-only flap with a skin
graft to the surface. Myocutaneous flaps tend to have too much bulk for
the scalp (4,5). The muscle can be debulked at the time of inset to improve
the contour. Muscle atrophy combined with skin graft construction, typi-
cally leads to an acceptable contour.

The latissimus dorsi and rectus flaps are relatively easy to dissect and
have large-caliber blood vessels for microsurgery (usually greater than 2 mm
in size). The omentum can also be used to cover large soft-tissue defects of
the scalp (9,5); however, the added morbidity of an intraperitoneal incision
with its concomitant risk of complications makes this a less attractive option
in most situations. Scalp avulsions, alone, with intact vascular pedicles may
be replanted with good outcomes (10).

In situations in which microsurgical reconstruction of large scalp
defects is performed with the latissimus dorsi muscle flap, the superficial
temporal vessels are most commonly used for anastomosis (4,5). Other ves-
sels, such as the occipital arteries and the larger carotid and jugular vessels,
are also good options depending on the anatomical requirements for the
reconstruction.

lll. UPPER AND MIDFACE

Upper and midfacial defects requiring free tissue transfers generally are
devastating injuries with loss of contents from skull and scalp, orbital and
nasal elements. Tumor ablation with loss of orbital contents, palate, and
nasopharynx often requires 5 complex reconstructions (8,11,12), but can
also be seen with massive trauma (8). The important principle to adhere
to is separation of the perinasal sinuses from the central nervous system
and ablation of dead space.

Orbital defects are a combination of loss of the globe and bony sup-
port. Again, this situation is more commonly seen in cases of resection for
a malignant process, but can be seen in major trauma. The rectus abdominis
muscle or myocutaneous flap are useful options for this type of reconstruc-
tion (11). The muscle flap provides adequate bulk to fill the space while the
myocutaneous flap provides a skin paddle that can be used for external skin
coverage (11).

Other flaps include latissimus dorsi muscle, latissimus dorsi myocuta-
neous and osteomyocutaneous flaps, the scapular cutaneous flap, and the
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scapular osteocutaneous flap. These combination flaps are bulky enough to
fill extensive dead space and provide bone support for the orbital floors and
palate.

IV. LOWER FACE MANDIBLE

Facial defects of the lower face, particularly of the mandible, are usually the
result of penetrating trauma. These patients have generally suffered gunshot
wounds to the face, most being self-inflicted (14). Shotguns are commonly
used for suicide attempts. Because of the combination of wide distribution
of shotgun pellets, close-range injury, and expanding gases at the site of
the blast, the wound is extensive (14). Pellets tend to tract deep into the
wound, necessitating aggressive debridement to remove contaminants
(14,15). Large-caliber pistol injuries may also create larger, more complex
facial wounds, nearly as destructive as shotgun wounds (16).

Shotgun wounds generally correspond to four patterns best classified
by regional tissue loss. The four patterns are (1) the lateral mandible
(34%), (2) the central face (26%), the lateral midface and orbit (28%), and
the lateral cranium and orbit (17). Lower facial distribution was more com-
mon as a result of suicide attempts in 76% of patients sustaining gunshot
wounds in study by Clark et al. (17). The placement of the muzzle of the
gun helps in defining the nature of the soft-tissue injury. Muzzles placed
below the mandible tend to create devastating mandibular bone and soft-
tissue losses. The patient usually also has a variety of oronasal and orbital
injuries, as a result of the angle of the muzzle in the mouth. In a study of
27 patients over a 10-year period, one third of the patients lost at least
one eye from the blast injury (14).

Treatment for these devastating injuries always beings with the ABC’s
of trauma care, with particular attention being paid to airway management
(18) and evaluation of cervical spine problems. Radiographic studies are
needed after airway stabilization. These include plain roentgenographs to
show extent and severity of injury such as projectiles and bone fragments,
chest radiographs to detect aspiration, and computer tomography (CT),
which shows intracranial damage and gives an accurate assessment of frac-
tures and bony defects of the face (14,18).

Clark et al. present a comprehensive discussion of classification and an
algorithm for treatment of high-energy ballistic and avulsive facial injuries.
Their 17-year experience with 250 gunshot wounds and 53 shotgun wounds
shows four general anatomical patterns for gunshot and shotgun wounds.
They also separate the injuries into four general anatomical zones: the cra-
nium, the orbit and upper midface, the lower midface, and the mandible.
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Complications involving the skin and bone were minimal in the cranium and
upper midface in the series. Comminuted mandible fractures, however, had
35% of patients with complications for immediate reconstruction (17). These
included sepsis, persistent fistula, or wound breakdown requiring bone
debridement.

The lower facial defects are complex and can consist of loss of mandib-
ular segments, parts of the lip, anterior parts of the mouth base, and tongue
(13). Providing adequate soft-tissue coverage and providing bony support
are the key principles for reconstruction (16). Free tissue transfers for
soft-tissue replacement is frequently necessary and can be accomplished with
various flaps. The radial forearm flap is a versatile flap for intraoral and
moderate-sized external defects and has proven useful for these complex
problems (14,19). Other soft-tissue flaps may provide healthy, vascularized
tissue with varying amounts of bulk for reconstruction of these facial
defects. These flaps include the free scapular flap (8), the rectus abdominis
myocutaneous free flap (11), the latissimus dorsi myocutaneous flap
(7,14,23), the serratus free flap (7), and in limited case the omental free flap (9).

Loss of portions of the mandible will require reconstruction using a
combination to plate fixation with bone grafts or vascularized bone flaps.
The size and location of the missing bone segment(s) determine the need
for bone graft versus bone flap for these complicated situations. Small
defects of the mandible, less than 4cm, may be amenable to plate recon-
struction with bone grafts (14). Lateral defects may also have reasonably
good reconstruction using plate fixation alone: adequate soft tissues are
available to cover the plate (20). Most mandibular defects resulting from
gunshot wounds, however, require vascularized bone flaps (4,16,17). Vas-
cularized bone flaps available for mandibular reconstruction include: iliac
crest (20), scapula (8), radius (21) and fibula (14,20). The fibula is by far
the most versatile flap because of its abundant bone stock for placement
of osteointegrated implants and its significant length. The fibula can be
used to reconstruct the entire mandible from condyle to condyle (22). It
can also carry a small to moderate sized skin paddle to aid in repair of
some floor-of-the-mouth defects and lower-lip or chin skin losses. Blood
supply to the fibula comes from the peroneal artery with perforators
through the intermuscular septum or direct cutaneous branches that sup-
ply the skin paddle; 241/2 to 26 cm of bone (21) can be safely harvested
for reconstructive purposes. Care should be taken to preserve ankle stabi-
lity by leaving the distal 61/2 to 8cm of bone. The proximal osteotomy
should be approximately 8 cm distal to the fibular head to minimize risk
to the superficial peroneal nerve. Multiple osteotomies can be performed
in the bone for shaping, as long as the soleus muscle cuff with periosteum
is preserved (21).
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Table 1 Flaps Used to Reconstruct Facial Trauma

Flap Blood supply Tissue type
Latissimus dorsi Thoracodorsal Muscle/musculocutaneous/
artery/vein osteomyoctaneous
Rectus abdominis Deep inferior Muscle or
epigastric artery/vein musculocultaneous
Scapula/parascapular ~ Subscapular artery/ Cutaneous or
circumflex scapular/ osteocutaneous
vein
Radial forearm Radial artery/vena Cutaneous or osteocutaneous
comitantes or cutaneous
veins
Fibula Peroneal artery/vein Osseous or osteocutaneous

Staged sequential reconstruction of these complex scalp through
lower-face defects has been replaced by earlier, more comprehensive replace-
ment of missing tissues with free-tissue transplants of missing structures.
Single-tissue replacements, such as skin-free flaps, can be used for soft-
tissue-only losses versus composites of skin, muscle, and/or bone for more
complicated wounds. Early reconstruction with free flaps appear to lessen
the amount of distortion by limiting scar contraction. It also allows these
patients to get back to work and school faster owing to the ability to pro-
mote more rapid dental restoration and other prosthetics onto stable frame-
works. Overall, early reconstruction with free-tissue transplants save time
and money as well as providing a more aesthetic and stable result.
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Synopsis of Dental Guidelines for
Management of Facial Injuries

Kevin J. Kelly
Vanderbilt University, Nashville, Tennessee, U.S.A.

I. OVERVIEW OF DENTAL ANATOMY

The oral cavity and the dentition are situated at the center of the maxi-
llofacial complex. Thorough understanding of the dental and occlusal
anatomy with its surrounding structures is paramount for the diagnosis
and management of facial injuries in both the adult and pediatric population.

A. Cross-Sectional Anatomy of Gingiva, Periodontal
Membrane, and Supporting Bone and Nerve Supply

In humans the teeth are complicated living organs with a pulp chamber at
the core, which continues as the pulp canal in the root (Fig. 1). This pulp
tissue furnishes a rich network of nerves and blood vessels to each individual
tooth through the apical foramen. The size of the pulp chamber and the
widths of the root canals vary according to age. In the developing teeth,
the pulp chamber and the root canals are wide, especially at the apex of
the root. As the development of the tooth progresses, the apex of the root
narrows.
An individual tooth has three subunits:

1. The crown is the portion one sees in the oral cavity, assuming a
healthy periodontium. It is covered with an ectodermal derivative
“enamel.”
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Figure 1 Cross-sectional anatomy of a tooth.

2. The root is the portion of the tooth embedded in the bony walls of
the alveolar socket. It is covered by a mesodermal derivative
“cementum.” A much softer substance than enamel, it surrounds
the outer portion of the neck and root of the tooth, providing
connective-tissue attachments to the adjacent alveolar bone via
the periodontium.

3. The neck starts from the junction between the cementum and the
enamel and submerges beneath the periodontium extending down
to the alveolus.

The bulk of the tooth consists of “dentin’ that is present beneath the
enamel and cementum encompassing the pulp chamber and canal. The
interior alveolar branch of the mandibular division of the trigeminal nerve
is the only nerve supplying the mandibular teeth. The maxillary teeth are
supplied by the maxillary division of the trigeminal nerve. This nerve divides
into the anterior, middle, and superior alveolar branches. The blood supply
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to the mandibular teeth is through the inferior alveolar branch of the
internal maxillary artery while that of the maxillary teeth is via the posterior
superior alveolar and infraorbital branches of the same artery.

B. Description of Teeth (Deciduous vs. Permanent),
Occlusal Anatomy, Mean Lengths

The development and eruption of teeth occur through primary (deciduous)
and secondary (permanent) dentition phases. The normal pediatric dental
arch contains 20 teeth, 10 in each arch. There is one central incisor, one lat-
eral incisor, one cuspid (canine), and two deciduous molars in each quad-
rant (Fig. 2). As the primary teeth exfoliate they are replaced by

VIVIIIITILIIIIVV
VIV I IV YV

Right

Figure 2 Normal pediatric dental arches.
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permanent teeth. This would therefore lead the adult dental quadrant to
contain eight teeth, totaling 32 in both arches (Fig. 3). The primary teeth
have a close resemblance to their permanent successors. They, however,
have shorter root lengths and smaller crowns. Tooth position and surfaces
are described relative to an imaginary line drawn between the central inci-
sors in the mandibular or the maxillary arches. The “mesial” surface of a
tooth faces toward this midline, whereas the ‘““distal” surface faces away
from the midline. The “lingual” surface of all teeth faces the tongue. The
“buccal” surfaces of teeth indicate areas that face the cheek. However the
anterior six teeth (central incisor through cuspid on each side) have a
“labial” surface since they are adjacent to the lips (Fig. 4).

Midline of dental arch

Central incisor Incisal edge

Palating é Ccclusal surface

bone
-ﬂ—»./lv,,% WY, S
’

Mesial side of
Third molar third molar
ar AN

Distal side of

Maxillary tuberosi {
i v ’ third molar

Hamulus

Post.nasal
spine

Figure 3 Normal adult dental arches.
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Figure 4 Tooth anatomy.
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Figure 5 Occlusal anatomy of mandibular second molar.
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The chewing and biting surfaces of teeth are worthy of note. These
are referred to as the “incisal surface” for the incisors and cuspids and
the “occlusal surface” for molars. The incisal edge of cuspids has a sharp
labial point or cusp and a short blunted lingual cusp or cingulum. The
bicuspids, as their name indicates, have two cusps, a buccal and a lingual.
The mandibular permanent molars have five cusps, three buccal and two
lingual. The buccal cusps are separated by the mesiobuccal and distobuc-
cal grooves whereas the lingual cusps are separated by the lingual groove
(Fig. 5). The mandibular second and third permanent molars’ occlusal
surfaces are similar to the first molar’s with the exception of having only
two buccal cusps. The maxillary permanent first molars are rhomboid-
shaped with four cusps, two buccal and two palatal. The second and third
maxillary molar teeth are similar to the first with the exception of only one
palatal cusp. There is a large individual variability in the size of teeth:
however, mean lengths as described by Sicher and Harry (2) may be
helpful (Fig. 6).

C. Nomenclature of the Dentition (Deciduous
and Permanent)

The most common notation system for permanent teeth is the universal,
or military system, where the maxillary teeth are numbered from 1 to 16,

27mm
24mm
21mm
18mm
15mm
12mm
amm
smm
3mm
omm

omm
3mm
R T e — &6mm
— | N gmm
12mm
15mm
18mm

21mm
v 24mm
27mm

N\
Q
‘h‘""'\-

Figure 6 Root and crown anatomy and lengths of maxillary and mandibular teeth.
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starting with the upper right third molar (#1), advancing around the arch to
the upper left third molar (#16) (Fig. 3). The mandibular teeth are
numbered from 17 to 32, starting with the lower left third molar (#17),
preceding to the lower right third molar (#32) (e.g., the mandibular
right central incisor is #25).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17

The 20 primary teeth are noted in similar fashion. Letters A to T are
used instead (e.g., the mandibular right central incisor is P).

This can also be done with numbers for the primary teeth by just add-
ing a “D” (for deciduous) after the number depicting each tooth:

D. Eruption Sequence

Knowledge of the eruption sequence of teeth is imperative for the physician
treating patients with either traumatic or congenital deformities of the
dentofacial skeleton. The first deciduous teeth, the incisors, erupt at about
6 months of age (Fig. 7). While the incisors are developing, the molars being
to erupt, followed by the cuspids. Understanding root development of teeth
is important when securing a patient into maxillomandibular fixation (the
first step in reduction of fractures involving tooth-bearing bone segments).
From 3 to 6 years of age there is adequate primary tooth root developed
to provide good tooth stability and facilitate arch bar placement using cir-
cumdental wires without avulsing these teeth. Similarly, after age 12, the
adult dentition has erupted and root formation has matured enough to sup-
port an arch bar and maxillomandibular fixation. A combination of adult
and primary teeth is present in the oral cavity between 6 and 12 years of
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DECIDUQUS DENTITION

RCTEL |
" Birh 2 years
T g ..a] (£ 6 mos.}
- RS
_ el
RO L LT 3 years
T (2 mos. {+ 6 mos.}
ey ©OT
.. ““u v 9 mos. 4 years
o ge W8 (4O mes) {+ 9 mos.)
T v
Wey'
1 year 5 years
{x 3 mos.} {+ 9 mos.}
s a y 18 mos. 6 years
““\;i_b = ¢ l) (£ 3 mos.) (£ 9 mos.}
<

Figure 7 The eruption sequence of deciduous, mixed, and permanent dentition.
(Courtesy of W.B. Saunders, from Orthodontics, Principles, and Practice, 3rd ed.
Copyright 1972, Elsevier Science, USA.)
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MIXED DENTITION PERMANENT DENTITION
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Figure 7 (continued)
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Figure 8 Deciduous teeth with advanced root resorption may get avulsed during
ligation with a wire.

age. It is during this “mixed dentition” stage that obtaining support for an
arch bar to place a patient in maxillomandibular fixation may become very
difficult. In this stage the roots of the deciduous teeth are resorbing while the
roots of the permanent teeth are not yet fully formed. Therefore, placement
of wires around such teeth may lead to their inadvertent avulsion (Fig. 8).
Therefore, during the mixed-dentition stage it may be necessary to use a
dental splint and circumbone wire fixation to stabilize the splint to achieve
maxillomandibular fixation.

It is very difficult to recall the exact configuration of each tooth root at
each age. It will be very helpful to use an x-ray such as a Panorex to evaluate
the dentition for each individual patient. A Panorex can be very helpful to
evaluate the development of primary and permanent dentition prior to the
application of maxillomandibular fixation and/or open reduction and inter-
nal fixation. This will also allow the physician to predict the location of the
developing adult tooth buds prior to placement of ridged fixation if neces-
sary (Fig. 9a and b).

Il. OCCLUSION
Occlusion is the functional relationship of the maxillary to the mandibular

teeth. It has a physiological and functional component, interrelating the
dentition, muscles of mastication, temporimandibular joint, and complete
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Figure 9 Frontal (a) and lateral (b) diagrams of the primary dentition with devel-
oping tooth limbs in the bone of a child.

masticatory system into a balanced pain-free state. The knowledge and
determination of a proper occlusal relationship are paramount for the
reduction of maxillofacial fractures to restore normal function.

A. Curve of Spee, Angulation of Teeth

When observing the interdental occlusion from the buccal surface, an ante-
riorly positioned curve called “curve of Spee” (3) is noted (Fig. 10). Thisis a
concave curve of the mandibular teeth with a reciprocal convex curve in
the maxilla teeth. The curve of Spee may range from a slight to a pro-
nounced arc. It permits the maximum utilization of tooth contacts during
function that would not be possible with a flat occlusal plane. The angula-
tion and positioning of the teeth are an adaptation to a balanced occlusion
where their long axis is best suited for optimal resistance to the maximal
forces of the muscles of mastication. The teeth are not in continual contact
in normal individuals. A mandibular “rest position” exists where the patient
is erect and the muscles of mastication are relaxed. In this position a space of
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Curve of Spee

Figure 10 Curve of Spee.

2-3mm, known as the “freeway space,” is present between the upper and
lower teeth.

B. Centric Relation and Centric Occlusion

Centric occlusion is a position determined by the way the teeth fit best
together with the greatest amount of intercuspation and maximal occlusion.
It is related to tooth occlusion and not muscle or bone (Fig. 11). Centric
relation or terminal hinge position is the most retruded unstrained position of
the mandibular condyle in the glenoid fossa. Thus it does not indicate occlu-
sion or interdigitation of teeth. It is considered a stable, reproducible position
that relates bone to bone. Ideally, centric occlusion and centric relation
should coincide combining bilateral symmetrical occlusal contact with a
balanced and unstrained relationship of the condyle in the glenoid fossa. If
this does not exist as a consequence of premature cuspal contacts, it can
distract the condyle either anteriorly or too far posteriorly within the glenoid
fossa and thus strain the temporomandibular joint complex. The loss of
centric relation can in turn lead to muscle imbalance with increased muscle
tonus, muscle overactivity, spasm, and pain due to a change of the condylar
position in the fossa. Occlusal adjustment, orthodontics, or even orthognathic
surgery may be necessary to reestablish a harmonious occlusion, normal jaw
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Figure 11 Centric occlusion and centric relation.

relationship, and apposition where centric occlusion coincides with centric
relation. When we are reducing facial fractures, patients are being placed in
maxillary mandibular fixation in centric occlusion.

C. Overbite, Overjet, Crossbite

The relationship between the upper and lower arches can be described in
terms of horizontal or vertical overlap of the anterior teeth. Overbite is
the amount of vertical overlap measured between the upper and lower inci-
sal edges when the teeth are in centric occlusion. Overjet is the horizontal
overlap measured from the labial surface of the lower incisors to the labial
incisal edge of the upper incisors, parallel to the occlusal plane (Fig. 12). A
deep bite will have an increased overbite whereas an edge-to-edge bite will
have no overbite at all. Some patients may even have an anterior open bite
where a distinct gap exists between the incisal edges when the molars are in
centric occlusion. When lower incisors are labial to the upper incisors, the
condition is referred to as an anterior crossbite. Normally the buccal maxi-
llary molar buccal cusps also overlap the mandibular molar buccal cusps
when viewed anteriorly. This is the most common, or “normal,” relationship
(Fig. 13a). A posterior open bite exists when there is a gap between the
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Figure 12 (a) Normal relationship, overjet, and overbite of maxillary and mandi-
bular central incisors. (b—f). Abnormal relationships or malocclusion.

maxillary and mandibular posterior occlusion (Fig. 13b). A buccal cross-
bite results from tilting of the maxillary teeth toward the cheek (Fig.
13c). A lingual crossbite results from lingual displacement of the upper
posterior teeth in relation to the lower teeth (Fig. 13d). Therefore, the buc-
cal cusps of the upper teecth no longer overlap those of the lower teeth.
These malocclusions may be either unilateral or bilateral.

D. Wear Facets

As maxillary and mandibular teeth continue to contact one another they
start to wear flat planes in each other. These are referred to as wear facets
(Fig. 14). These are excellent clues regarding how teeth relate to one another
when placing a patient into maxillomandibular fixation to establish prein-
jury occlusion. Some anatomical variations can tell us there has been no
functional contact between teeth. This is true if mamelons (small bumps
on the occlusal surface central incisors) are found on teeth. When central
incisors erupt, mamelons are seen (Fig. 15). As teeth function and maxillary
and mandibular teeth are in contact, mamelons are worn off, creating a
smooth occlusal plane. If mamelons are seen in an adult, it is evident that
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{a} Normal bucco-lingual (c} Buccal cross-bite

e 4t

(b} Posterior open-bite {d) Lingual cross-bite

Figure 13 (a) Normal molar buccolingual arch relationship. (b) Posterior open
bite. (c) Posterior buccal crossbite. (d) Posterior lingual crossbite.

these teeth have not been functioning against the opposing dentition as may
be seen in an anterior open bite.

E. Classification of Occlusion

In 1890, Edward Angle (1) devised a classification of occlusion based on the
anterior-posterior relationship between the maxillary and first mandibular
molars. It describes only the first maxillary-molar to mandibular-molar rela-
tionship. Angle divided occlusions into three broad classes: class I, neutro-
occlusion; class II, disto-occlusion; and class III, mesio-occlusion. In class 1
occlusion, or “normal occlusion,” the most commonly found in the popula-
tion, the mesiobuccal cusp of the maxillary first molar occludes with the
mesiobuccal groove of the mandibular first molar (Fig. 16).

In class II occlusion, the lower first molar is distal to the upper first
molar, usually one-half to one full cusp distance. Class II malocclusion is
subdivided into two divisions. In class II, division 1, the upper anterior
teeth are flared forward, leading to a significant overjet. In class II, division
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Wear facets

Figure 14 Wear facets on posterior teeth.

2, the anterior teeth of both the maxilla and mandible are retruded with a
deep overbite (Fig. 17a and b). This is commonly seen in mandibular
hypoplasia.

In class IIT malocclusion, the lower first molar is mesial to the upper
first molar, usually one-half to one full cusp (Fig. 18).

lll. DENTAL INJURIES

Orofacial trauma is involved in approximately 15% of all emergency room
visits. These injuries can be isolated or in conjunction with multisystem
injuries. Dentoalveolar trauma usually results from falls, playground
accidents, bicycle accidents, athletic injuries, motor vehicle accidents, abuse
and domestic violence, assaults, and altercations. A substantial increase in
the frequency of injuries to the dentoalveolar structures occurs as a toddler
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Figure 15 Mamelons (small elevations of the occlusal edge of incisor teeth).

begins to walk and run. The incidence of these injuries is reported to be
around 5% in school-aged children with lacerations to the chin and vermi-
lion border of the lip.

Certain predisposing factors can increase the chance of dentoalveolar
injuries. These may include abnormal occlusion, labially inclined incisors,
overjet in excess of 4 mm, lip incompetence, mouth breathing, and a short
upper lip. Some of these conditions may be present in individuals with class
I1, division I malocclusion or oral habits such as thumb sucking.

A. History and Evaluation

A thorough history can provide valuable information regarding the nature
of the injury and any alterations in the normal occlusion, such as crossbites
or open bites that were present before the injury. Insight into the type of
suspected injury can be provided by the nature of the accident.
Alterations in normal occlusion should be noted. All teeth should be
accounted for: Missing teeth or pieces of teeth that have not been left at
the scene of the accident must be considered to have been aspirated, swal-
lowed, or displaced into soft tissues of the lip, cheek, floor of the mouth,
neck, nasal cavity, or maxillary sinus. Radiological evaluation of the chest,
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Figure 16 Class | occlusion and soft-tissue profile.

abdomen, and head and neck may be necessary to rule out the presence of
teeth or fragments within these tissues or organs.

The length of time that a tooth had been avulsed and the storage
media in which it was transported should be determined. Surrounding vital
structures, such as the parotid duct, submandibular duct, nerves, blood ves-
sels, and maxillofacial skeleton, should be evaluated carefully.

All teeth should be tested for abnormal mobility, both horizontally
and axially, which would suggest displacement of teeth or an alveolar frac-
ture. A bony fracture may present as an uneven contour of the alveolar pro-
cess. En bloc movement of several teeth may suggest fracture of the alveolar
process. Radiographic evaluation of dentoalveolar injuries should include a
Panorex and/or periapical dental radiographs. These may provide the fol-
lowing information:

Degree of extrusion or intrusion
Presence of root fractures
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(b)

Figure 17 (a) Class ll, division 1. (b) Class I, division 2.
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Figure 18 Class Ill occlusion and profile.

Extent of root development

Presence of pre-existing periodontal disease

Size of the pulp chamber and root canal

Presence of bone fractures

Tooth fragments and foreign bodies lodged in soft tissues

The most reliable clue to an abnormal occlusion from dental injury,
bone fracture, or a combination is the patient’s perception that his teeth
“don’t contact normally.”

B. Injuries to Dental Tissues and Pulp

A classification of dental injuries has been presented by the World Health
Organization (WHO) (Fig. 19a-g).

Figure 19a depicts a crown infraction that is an incomplete fracture of
the enamel without loss of tooth structure. This does not usually require any
treatment.
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e f g

Figure 19 (a—g) WHO classification for injuries to dental tissues and pulp.

Figure 19b depicts an uncomplicated crown fracture confined to the
enamel that may be treated with smoothing of sharp edges or restoration
with composite resin fillings.

Figure 19c depicts an uncomplicated crown fracture involving the
enamel and dentin. This tooth may be sensitive to thermal changes and
mastication since the dentinal microtubules carrying the nerve endings
from the pulp to the dentinal enamel junction are exposed to bacteria
and noxious stimuli. A calcium hydroxide liner is used to seal these
dentinal tubules prior to restoration with a tooth-colored composite resin
filling.

Figure 19d depicts a complicated crown fracture involving enamel and
dentin with exposure of the pulp. A spot of blood may be noted at the arca
of pulp exposure that would need emergent referral to a dentist. The treat-
ment may range from sealing of the pulp with calcium hydroxide to com-
plete pulp extirpation and endodontic therapy (i.e., root canal therapy)
followed by restoration of the remaining tooth with a composite resin filling
or a porcelain crown coverage (i.e., cap) if a substantial amount of tooth is
missing.
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Figure 19e depicts an uncomplicated crown-root fracture involving
enamel and dentin and extending into the root structure. The treatment
options are dependent on the amount of root remaining. In permanent den-
tition, if the fracture line is above or slightly below the alveolar bone level,
the tooth can be restored with a crown. Primary teeth with any type of
crown-root fracture should be extracted, and a dentist should fabricate a
space maintainer. Without a space maintainer the adjacent teeth can tip into
this space and hinder the proper eruption of the underlying permanent teeth
and therefore lead to significant malocclusion.

Figure 19f depicts a complicated crown-root fracture similar to that
shown in Fig. 19 with addition of a pulp exposure. Endodontic therapy
(i.e., root canal) would be needed prior to crowning of the tooth.

Figure 19g depicts a root fracture involving dentin, cementum, and the
pulp. Factures in the apical third, either vertical or horizontal, are an indica-
tion for extraction.

C. Injuries to the Periodontal Tissues

These injuries include contusion, luxation, intrusion, or avulsion (Fig. 20).
In contusion injuries the tooth would be tender to touch owing to inflamma-
tion of the tooth-supporting structures. No treatment is indicated other than
palliative therapy.

Of all dental trauma, luxation injuries are the most common in the
permanent and primary dentition. This is most commonly seen in the

Intact blood Disrupted blood Contused blood
vassels vessals vessels

Bone :
fracture

N b

SUBLUXATION EVULSION IMPACTION

Figure 20 Injuries to the periodontal tissues.
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maxillary central incisor region. The type of force and the direction of
impact dictate the type of luxation injury. Intrusion injuries involve impac-
tion of the tooth into the alveolar socket. This displacement could be as
superior as the nasal cavity leading to bleeding from the nares. An
intruded primary or an immature permanent tooth should be allowed to
erupt on its own. If the intruded primary tooth impinges on the permanent
tooth bud, it should be extracted. An intruded mature permanent tooth
requires low-force orthodontic repositioning over 3-4 weeks to minimize
the risk of root resorption. Attempts to reposition it immediately at the
time of injury must be avoided since this can result in extraction of the
tooth. An extruded primary tooth should be extracted to prevent damage
to the underlying permanent tooth. An extruded permanent should be
repositioned in the socket with gentle pressure and splinted with a thin
(28-gauge) wire and/or a segmental arch bar for 1-2 weeks. This tooth
should be followed by a dentist periodically since it is common for the pulp
to lose vitality owing to the trauma and require endodontic therapy owing
to the loss of vitality.

Luxation of a tooth is usually accompanied by comminution or frac-
ture of the alveolar socket. The tooth and alveolar bone can be manipulated
digitally into proper position, with concurrent compression forces on both
the palatal and labial bone plates. They are then splinted to adjacent stable
teeth with a segmental arch bar for 2-8 weeks and covered with appropriate
antibiotics. Endodontic therapy may be required since pulp necrosis is pre-
valent as with extrusive injuries. The patient should therefore be referred to
a dentist shortly after treatment of the acute injury. Complete avulsion of a
permanent tooth represents a true dental emergency. Avulsed primary teeth
should not be reimplanted. These injuries make up to 15% of all traumatic
injuries to permanent dentition and 7-13% in the primary dentition. The
maxillary central incisor is the most common avulsed tooth. The success
of reimplantation is inversely related to the length of time the tooth is out
of the socket.

Ideally a tooth should be reimplanted within the first 30 min. This may
help maintain the viability of the cells of the pulp and periodontal ligament,
which would assist reattachment and avoid posttraumatic complications of
root resorption. The stage of root development and the type of extra-
alveolar storage medium are also significant factors determining tooth
survival. The avulsed tooth should be gently rinsed with saline or milk
(hypotonic water is the least desirable storage medium) and placed back into
the socket with light pressure and then splinted with an acrylic splint for
7-10 days. If a significant alveolar fracture has occurred, a rigid splint such
as an Erich arch bar or a lingual splint should be used for 3—4 weeks. The
traumatized tooth should be removed from occlusion and the patient placed
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on a soft diet for 2-3 weeks. Tetanus prophylaxis should be updated if
needed. Antibiotic coverage and 0.12% chlorhexidine rinse are indicated
to minimize bacterial activity.

In the case of dentoalveolar injuries the ideal fixation should provide
stabilization of traumatized teeth and prevent further damage to the pulp
and periodontal tissues during the healing period, allowing the attachment
apparatus (periodontal membrane) to regenerate. Arch bar fixation, acrylic
splints, or both can be used for stabilization of alveolar process fractures if
the teeth within the segment are stable. If the teeth are mobile, apical
positioning of the supporting wires to the cervical prominence may have a
tendency to elevate the tooth slowly. Therefore, in these situations the ideal
splint would be a composite resin in conjunction with a 24- or 28-gauge
wire. This splinting technique provides a relatively easy, versatile, aesthetic
method for stabilization of teeth without impingement on gingival and
periodontal tissues (Fig. 21).

. Y

S

55
. Qa

Figure 21 Wire relative to the tooth cingulum for stabilization of avulsed tooth
versus fractured alveolar bone. (a) Treatment of evulsed tooth. The wire over
the cingulum holds the tooth into the alveolar bone. (b) The wire under the cin-
gulum of the tooth (under the height of contours) that would hold the arch bar to
the tooth.
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IV. DENTAL SPLINTS

Dental splints are designed to reduce and stabilize fractured tooth-bearing
segments to their pretraumatic relationship and to aid in the restoration
and occlusion of skeletal relationships. The use of dental splints has dimin-
ished with the advent of rigid fixation and application of craniofacial tech-
niques to treat facial fractures. However, in certain situations they can be
effectively used for ultimate management of complex maxillofacial fractures.
Acrylic dental splints can be very helpful in the anatomical reduction of
bony segments. They can help maintain the reduction during the application
of rigid fixation and stabilize fractured segments during periods of
healing and rehabilitation. Splints can be invaluable in establishing occlusal
relationships in patients with comminuted maxillary (palatal) or mandi-
bular fractures. They can also be very useful to obtain maxillomandibular

Figure 22 Options for skeletal fixation of a splint: cranial suspension wire, infra-
orbital rim, piriform rim, circumzygomatic, and circumandibular.
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Figure 23 (continued)
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fixation in the mixed dentition stage, from age 6 to 12, when children’s teeth
may not be able to support arch bars.

Dental splints can also have a crucial role in the treatment of
multiple dentoalveolar segment fractures in both adults and children.
In patients who are partially or fully edentulous, a splint may be used
to reestablish the patient’s vertical dimension and pretraumatic skeletal
relationship as well as stabilize the fractured segments during the heal-
ing period. Preexisting partial or complete dentures may be used as
intermaxillary splints. This enables one to establish the normal maxil-
lary-to-mandibular relationship for fracture reduction in the absence
of teeth. Arch bars are secured to the dentures. A mandibular denture
or splint is stabilized with skeletal fixation via circumandibular or cir-
cumdental fixation depending on the nature of the fracture. The maxil-
lary denture may be secured by circumdental, circumzygomatic, orbital
rim, piriform aperture, or anterior nasal spine suspension wires (Fig. 22).
In the endentulous patient, a splint or denture can screwed to the mandi-
bular or maxillary bone to secure the bone to the prostheses. The arch bars
are then used to secure maxillomandibular fixation. Once this is done, the
buttresses of the fractured bones are exposed and slated.

If open reduction is indicated in an endutulous patient, it may be pos-
sible to do anatomical reduction and fixation of fractured bone segments
without any splint fixation allowing the patient to remain out of maxi-
llomandibular fixation. This does, however, require perfect reduction of
all fractured buttresses to restore preinjury anatomical relationships. It is
also necessary in this case to rigidly fixate all fractured buttresses.

Once a decision is made to use a dental splint, accurate alginate
impression of the patient’s maxillary and mandibular out arches should
be obtained. This step can be performed under local anesthesia in the adult
population, but is best carried out under general anesthesia in the pediatric
patient (Fig. 23). It should be emphasized that an impression of the oppos-
ing dental arch to the fracture is always required to help reestablish the
pretraumatic occlusion. A thorough knowledge of occlusion and dental
anatomy is crucial. Information should be obtained about any prior maloc-
clusions from the patient or family members. Pretraumatic photographs or
dental orthodontic models may also assist in the reestablishment of the
occlusion. Dental cast models are fabricated by pouring dental stone or
plaster into the impressions. Cuts are made in the cast model corresponding
to the fracture lines.

The segments of the cast models are reassembled against the opposing
arch cast, reattached together with wax, and then mounted onto an
articulator. The wear facets can be very helpful in reestablishing
the normal preinjury occlusion. The quick-cure acrylic resin methyl
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Figure 24 Diagram of a lingual splint realigning fractured segments and stabiliz-
ing the reduction. Note that there is no interference with the occlusal surface of the
teeth.

methacrylate is the most commonly used material for the fabrication of
dental splints. This gives us a guide to know where the normal occlusion
should be set.

This splint is then taken to the operating room where the patient is
placed in occlusion using the splint as a guide to determine the proper pre-
injury occlusion. Lingual splints are recommended for the treatment of
unstable, complex, bilateral mandibular fractures or fractures of the sym-
physis or alveolar ridge of both arches. They help prevent lingual tilting
of the bony segments and prevent the inferior border of the mandible
from being distracted at the fracture site. They should be used in conjunc-
tion with a buccolabial arch bar to provide additional support (Fig. 24).
Dental splints can be extremely useful for the reduction of splint palatal
fractures. Splint fabrication can be very useful in treating facial fractures
or in elective orthognathic surgery.

A thorough understanding of dental anatomy and occlusion is critical
to anyone treating craniofacial deformities or fractures involving dental-
bearing bone segments or dental injuries.
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The Biology of Trauma
on Facial Growth

Effects and Noneffects of Personal
Surgical Experimentation

Bernard G. Sarnat
University of California and Cedars-Sinai Medical Center,
Los Angeles, California, U.S.A.

I. BONE GROWTH
A. General Bone Growth

Growth and development of the skeletal system play an important role in
determining body form. The dynamics of growth of bone(s) is a complex
process. Although significant articles in regard to bone growth appeared
in the literature more than 225 years ago (1), many basis questions are still
unanswered. What are some of the problems in need of study? What are the
inherent difficulties? Any determination of bone growth must concern itself
with one or more of the following questions: What are the sites? The
centers? The amounts? The rates? Do they vary? When? What are the
directions? What are the changes in size” In shape? What are the changes
in proportion? What is the pattern? What are the mechanisms? What
factors are influential? Not influential? This chapter addresses the last two
questions in particular.

The purposes of this limited chapter are to present several significant
basic science methods used for evaluating the effects and noneffects of sev-
eral surgical factors upon facial growth. Some principles of the biology of
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bone(s) are central to this presentation. The basic blueprint of a bone is
inherent. Postnatal bone growth is but a continuation of prenatal bone
growth interrupted by the event of birth. In utero, the fetus with its genetic
beginning is subjected to the vicissitudes of the maternal environment. After
birth, the individual is subjected to the effects of the general environment.
Various factors may affect skeletal growth sites or centers, thereby causing
faulty growth of bone(s). The degree of the subsequent deformity will
depend not only on the type, intensity, extent, and chronology of the nox-
ious agent but also on the site and its particular susceptibility and growth
activity. A growth deformity of bone may be readily produced by interfering
with a cartilaginous but not a sutural growth site.

Development of body form is related to the synchronous coordina-
tion of three-dimensional, multiple, differential, skeletal growth sites and
centers and associated structure activities. The physiological stability of
the bony components is the result of many interrelated factors, normal
functional use being a prominent one. Well recognized are the effects of
either excessive use, with hypertrophy (i.e., an increase in the mass of
bone), or disuse, with atrophy (i.e., a decrease in the mass of bone). Thus
modifications in the functions of a part are reflected in alterations in the
form of the part.

One definition of growth is change over time. A basic physiologial con-
cept is that throughout life, bone, the tissue, is in a continuous state of appo-
sition and resorption (Table 1). Consequently, skeletal size and shape are
always subject to change. The following generalizations can be made. When
skeletal mass increases, as in children, apposition is more active than resorp-
tion. Cartilaginous and sutural growth representing bones as organs are both
active (i.e., positive growth). When skeletal mass is constant, as in the adult,
apposition and resorption, although active, are in equilibrium (i.c., neutral
growth). Cartilaginous and sutural growth have ceased. When the skeletal
mass decreases, as in old age, resorption is more active than apposition
(i.e., negative growth). This concept of growth change is not new (2), and
is also evidenced in the lay literature by the following passage from Alice
in Wonderland by Lewis Carroll: ... said Alice, and if it makes me grow
larger, 1 can reach the key; and if it makes me grow smaller[italics added],
I can creep under the door.”

B. Craniofacial Bone Growth

The craniofacial skeleton changes, in both size and shape, in all three planes:
height, width and depth. However, it grows in these three dimensions of
space differentially in both time, amount, and rate (Figs. 1-3). Many sites
contribute to the multidirectional growth. The dynamics and details of
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Figure 1 Normal growth of the human skull (A) Clinically edentulous skull at
about birth; (B) the skull of a child with completely erupted deciduous primary den-
tition; (C) the skull of an adult with completely erupted permanent secondary denti-
tion. Note that in the infant the cranium is prominent, and the face is much less so,
representing a lesser amount of the total skull size. Also note that the orbit makes
up a large part of the face. In the adult, the face is prominent and represents a
large part of the total skull size. The orbit makes up a considerably smaller part
of the total face in the adult than in the infant. Differential growth takes place at
different times and rates in various parts of the skull. (From Ref. 25.)

normal postnatal growth, simultaneity, coordination, and change and
nonchange of the craniofacial skeletal system in both the young and the
adult are fascinating, complex, and incompletely understood problems in
the field of biology.

For the purpose of this chapter the following generalizations apply.
Craniofacial bones grow in three principal ways. One is cartilaginous at
the nasal septum and as endochondral growth (i.e., the replacement of carti-
lage by bone) at the base of the skull at the spheno-occipital and sphenoeth-
moidal junctions. These bones are joined by cartilage (synchondroses). In
addition, endochondral growth of bones occurs at the septopresphenoid
joint and at the mandibular condyle. A second way is by sutural growth
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Figure 2 Lateral cephalometric radiographs of skulls shown in Figure 1. (A) Note in
the infant skull the presence of unerupted teeth in the jaws. (B) In the child skull, the
primary dentition is fully erupted, and the permanent teeth are forming within the
jaws. (C) In the adult skull, the permanent teeth are fully erupted and in occlusion.
The maxillary (m) and frontal (f) sinuses are not evident in the infant skull, are in
early development in the child skull, and are fully developed in the adult skull. Note
the open actively growing suture (S) in the infant cranium, in contrast to the closed
inactive suture (S) in the adult cranium. st, sella turcica; o, orbit; h, head holder
apparatus. (From Ref. 26.)
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where bones are united by connective tissue (synarthroses). This is found
only in the skull. Sutures grow differentially by apposition without resorp-
tion. The amount of growth may vary on either side of a suture, the rate
varies for different sutures at a particular time, and the same suture grows
differentially at different times These sites, as well as the endochondral,
are of limited growth and usually cease activity as an individual reaches
adulthood. A third type is appositional and resorptive growth (i.e., remodel-
ing), which occurs on the outer surfaces (periosteal) or inner surfaces
(endosteal) of bone throughout life. The differential responses and inter-
relationships of these processes are important.

The size and shape of the skull are determined not only by the growth
of bone(s) but also by its cavities (Table 2). Increases in the size of the
contents of the cranial and orbital cavities of the skull influence the growth
of adjoining bones and sutures. This occurs by a combination of resorption
and deposition of bone on the surfaces and adjustments at the sutures. The
cranium and the masticatory facial skeleton are integrated into an anatomical

Table 2 Craniofaciodental Growth

I. Bone(s)
A. Cartilaginous—bone(s) as organs
1. Endochondral
2. Nasal septal
B. Sutural (appositional)—bone(s) as organs
C. Remodeling (appositional and resorptive) bone as a tissue
II. Cavities
A. Matrix
1. Brain and cranium
2. Orbital contents and orbit
B. Matrix and air
1. Septum and nasal cavity
2. Tongue and oral cavity
C. Air

—_—

Maxillary sinus
2. Frontal sinus
3. Ethmoid sinus
4. Sphenoid sinus
III. Teeth

Source: Ref. 6.
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and biological unit. However, the masticatory skeleton is in part dependent
on muscular influences, growth of the tongue, and the dentition. These two
parts of the skull follow different paths of development, and the timing of
their growth rates is entirely divergent. Nevertheless growth of any one part
of the skull is coordinated to the growth of the whole. The air-
containing maxillary, frontal, ethmoid, and sphenoid sinuses also increase
in size and contribute to growth of the skull.

Growth of the upper facial skeleton is closely correlated with that of
the mandible. However, the mode of mandibular growth is entirely different
from that of the maxillary part of the face. In the latter, the growth is pri-
marily sutural. In the mandible, an important site of growth is the hyaline
cartilage in its condyle. These differences explain a certain independence
yet dependence of the growth of these two parts of the facial skeleton.

The growth of the mandible is indispensable for the normal vertical
growth of the upper face. Upward and backward growth at the condyle.
which rests against the articular fossa of the temporal bone, results in
movement of the entire mandible downward and forward. Another con-
cept is that the mandible is distracted and there is secondary growth at
the condyle. Thus the upper and lower teeth and alveolar processes
become more distant from each other. Since the teeth maintain occlusion
by continued vertical eruption, the alveolar processes grow at their free
borders. Disorders of mandibular growth, therefore, lead secondarily to
changes in the upper face. They generally involve only the subnasal part
of the maxilla.

The skull, a complex of bone(s), has proved to be both a rich and
challenging source of study, particularly since the combination of different
types of bone growth and increase in size of various cavities and growth,
calcification, and eruption of teeth is not found elsewhere in the body.
Cranial and orbital growth occur predominantly early in life, while facial
growth occurs predominantly somewhat later in life, mostly during the
periods of growth and eruption of the primary and secondary dentitions
and the development of the paranasal sinuses. A number of excellent
references are available that describe the anatomical structures and the
details of craniofacial growth and movement. Every student of growth will
delight in becoming acquainted with the varied seminal works of Hunter (1),
Thompson (2), Weinmann and Sicher (3), and Brash et al. (4). Four
(5)—(8), relatively recent review and summary retrospective articles plus
the original reports offer additional details as well as clinical correlations
and are suggested for further reference.

What follows serves as a brief general introduction for consideration
of some of the various factors, and their subtleties and nuances that may
or may not affect facial growth. In planning experiments to determine either
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change or nonchange in size and shape with time, as accurately as possible,
various approaches were considered and used, both direct and indirect.
Although the design of the experiments was such as to obtain either a
“yes” or “‘no”” answer, at times a “maybe’” answer was the result. Invariably,
after completion of the experiments, more questions were raised than
answers. The findings were unequivocal but the explanations sometimes left
some doubt.

This chapter will be limited to a few selected examples of both exten-
sive gross morphological change and nonchange: (1) resection of the man-
dibular condyle in both the young and adult with severe changes not only
of the mandible but also as a consequence of the ventral skull and mid-
face; (2) resection of the nasal septum with extreme changes in the midface
in the young but not the adult; (3) either decrease or increase in orbital
contents volume with a resulting either less large or larger-than-normal
orbit in the young but not the adult; and (4) resection of the frontonasal,
median, and transverse palatine sutures in the young. Thus these models
are representative of the lower face, the midface, the upper face, the lateral
face, and the ventral skull. Other experiments with either alteration or
nonalteration of bone growth are mentioned in Tables 3 and 4.

...find out the cause of this effect,
Or rather say, the cause of this defect,
For this effect defective come by cause.
Hamlet, Act 11, Scene 11

Il. EFFECTS AND NONEFFECTS OF SURGICAL
EXPERIMENTATION ON FACIAL GROWTH:
A PERSONAL RETROSPECTIVE

A. Changes After Mandibular Condylectomy in
Young and Adult Monkeys

What might be the effects of trauma to the condyle? To find some answers
to these and other questions, unilateral mandibular condylectomies were
performed on both young (9) and adult (10) monkeys.

After unilateral mandibular condylectomy in young monkeys, the oper-
ated-on side showed a lesser total facial, mandibular, and maxillary height
and length, a shorter and a less laterally positioned ramus (Figs. 4,5), a
coronoid process extending above the zygomatic arch, and an occlusal plane
about level with (instead of considerably lower than) the zygomatic arch (Fig.
5A). Contrast this with an unoperated-on animal in Figure 5B. In addition,
observation of the ventral side (Figs. SE, F) of the skull on the operated-on
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Figure 4 (A) Posteroanterior cephalometric radiograph 15 months after right con-
dylectomy in a monkey. The horizontal plane of reference no longer passes sym-
metrically through the zygomatic arches. The mandibular asymmetry is especially
prominent. The broken line, which corresponds to the midline of the mandibular
dentition, emphasizes the considerable shift toward the operated-on side. Note
that the right ramus (arrow) is in a more vertical rather than oblique direction
and is less lateral than on the unoperated-on side. See B. (B) Posteroanterior
radiograph of patient with mandibular condylar fracture dislocation. Note the verti-
cal direction of the ramus on the side of the injury (arrow) compared with the obli-
que inclination of the ramus on the uninjured side. Compare with A, showing the
monkey after condylectomy. (From Ref. 25.)

side revealed a number of differences, some of which were a lesser develop-
ment of the temporal bone, a less long and rounder zygomatic arch, and a
more anteriorly positioned external auditory canal and articular fossa.
Since the craniofacial skeletal changes were quite similar to but not the
same as following condylectomy in adult monkeys (10), it seems that
removal of the condylar growth site in the young monkey is not the princi-
pal factor responsible for the extreme changes. Rather, the alterations
are probably secondary to disruption of normal temporomandibular joint
function, muscular imbalance, and modification of sensory receptors. The
direction and amount of muscle pull with altered position and motion of
the mandible were modified by loss of the anatomical and physiological
integrity of the temporomandibular joint. These include loss of function
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Figure 5 Skulls of young rhesus monkeys. Right mandibular condyle was
resected at about 8 months of age (A, C, D, E, and F) with postoperative survival
of 29 months. (E, F) Ventral views of skulls, with and without mandible in
occlusion. Note, on operated-on right side, that the postglenoid process is less
prominent, mandible articluates with temporal bone anterior to fossa, and the body
is less long than the unoperated-on left side so that entire mandible is directed
toward operated-on side (ea, external auditory canal; f, false articulation). (B)
Unoperated-on animal. (From Ref. 9. Copyright 1957 from Excerpta Medica, Inc.)
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of the lateral pterygoid muscle, altered function of the medial pterygoid,
masseter, temporalis, and suprahyoid muscles, and establishment of a false
joint. The remodeling of the ramus and adjacent bony structures, with
changes in the bony trabecular pattern, followed these functional alterations
(22). Is the mandibular condyle either a primary or a secondary site of
growth? Condylectomy experiments in both the young and adult monkeys
have demonstrated extreme lack of and/or loss of bone. However, these
experiments do not prove that the condyle is not a site of growth.

B. Effects of Extirpation of the Cartilaginous
Nasal Septum in Young and Adult Rabbits

Major amounts of the septovomeral regions and/or the cartilaginous nasal
septum were resected in both young (11) and adult (16) rabbits (Figs. 6, 7, 8
and 9).

1. Antemortem Observations

As early as 4 days after resection of the cartilaginous nasal septum in young
rabbits, there was a reversal of the relationship of the incisors, with the
upper ones now being lingual to the lower ones (Figs. 6 and 9). As a result,
the sharp incisal edge on the labial surface was not maintained. Conse-
quently, considerable overeruption and fractures were frequent of the inci-
sors, which continually erupt throughout life as a logarithmic spiral with
a lateral shear. The long, smoothly curved, tapered face seen in unoper-
ated-on control animals was in considerable contrast to the face of the
experimental rabbit (Figs. 6 and 7). The snout became progressively stubby
with postoperative survival, and a pronounced indentation appeared above
the tip of the nose. This was suggestive of the face of a bulldog and certainly
not that of a rabbit and was prominent within 3 weeks postoperatively.

2. Postmortem Observations

Changes noted in the dissected skulls of the experimental animals were lim-
ited to the snout in the region anterior to the orbits, zygomas, and molars
(Fig. 7). Although the findings were not always consistent, generally the
degree of change varied directly with the amount of septum resected and
the postoperative survival period.

The snout, when seen from the side, was tapered and less long
than that of the unoperated-on control. Whereas the snout in the control
animal was the prominent part of the anterior face, this was not so in the
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Figure 6 Antemortem photographs of a rabbit (A, C, and E ) that had a minor
amount of the nasal septum removed and a rabbit (B, D, and F) that had a major
amount of the nasal septum removed at 21 days of age. Note the contrast in facial
appearance. Also note the short, stubby, rounded face with an indentation above
the nostrils and an overerupted lower incisor (B and D). (From Ref. 11a. Copyright
1966, Am J Anat. Wiley-Liss, a division of John Wiley & Sons, Inc.)
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Figure 7 Postmortem photographs of right halves of parasagittally sectioned rab-
bit skulls. (A) Unoperated-on control animal. No cartilaginous nasal septum was
resected. (B) Cartilaginous nasal septum was resected in this experimental animal
when is was an adult. Compare with A and note similarities of size, shape, regu-
larity, and relationship of incisors. Also note regularity of dorsal curvature unin-
fluenced by underlying septal defect (d). (C) Cartilaginous nasal septum was
resected in this experimental animal at 3 weeks of age and it was euthanized
about 4 months of age. Note short snout in an anterior direction beginning in the
region of septal defect. (d). (From Ref. 16. Copyright 1967, American Medical
Association.)
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AGE IN DAYS
BN NO. [AT DEATH

6-1l 19
6-15 57
3-4 52
|1 -12 95
3-13 131

Figure 8 Reproduction of lateral radiographs, arranged according to age from 19

to 131 days at death (A—E), of parasagittally sectioned skulls of rabbits with carti-
laginous nasal septum intact. Note downward smooth curve of anterior dorsum;
length and anterior extension of nasal bone; size of pyriform aperture; length of
palate; and form a position, and relationship of incisors. Contrast these with experi-
mental animals in Figure 9. IL, lower incisors; IU, upper labial and lingual incisors;
Mo, premolars and molars; N, nasal bone; O, orbit; P, palate; PA. pyriform aper-

ture; PU, pulpal cavity. (From Ref. 27.)
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AGE IN DAYS

NO | AT |POSTOP| AT
OPER.| SURV. |DEATH

8-14| 14 4 18

8-22| 21 14 35

8-25| 21 34 55

8-20| 21 70 9i

3-14| 21 (1o | 131

Figure 9 Reproduction of lateral radiographs, arranged according to postopera-
tive survival, of parasagittally sectioned skulls of rabbits that had cartilaginous
nasal septum resected at 14 or 21 days of age with postoperative survival of 4—
110 days. Note flat anterior dorsum with increasing downward deflection in anterior
direction with postoperative survival. Deflection begins at posterior site of resec-
tion. Contrast these with control animals in Figures 6, 7 and 8. Note less long
snout, nasal bone, and palate and less large pyriform aperture. Also note in A
that upper incisal edge is just lingual to lower one. This is more extreme in animals
with longer postoperative survival (B—E). Also in contrast with Figure 8, incisors
are considerably overerupted and longer and not in occlusion. Abbreviations as
in Figure 8. (From Ref. 27.)
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experimental rabbit. There was considerable deflection of the snout in a
forward direction, beginning anterior to the frontonasal suture, in contrast
to the smoothly curved dorsum of the control animals. From below, the
palate and the incisive foramen were less long. From in front, the nasal aper-
ture was less large. The snout from above was considerably less long than
that of the littermate control animal. The nasal bones were considerably less
long and narrower than those of the control animals and converged toward
the premaxilla, with nasal height and volume being considerably less. The
premaxilla and its frontal process were also less long. The end of the snout
was tapered in the dorsoventral direction.

Examination of the parasagittally sectioned crania revealed in the
experimental animals the extent of the septal defect in relation to the
remaining septum and deformity of the snout and in the control animals
the relation of the extent of the nasal septum to the snout. The site of the
beginning of the downward deflection of the nasal bones was correlated with
the posterior border of the septal defect, which was anterior to the fronto-
nasal suture (Fig. 7C). Whereas in the control animal the nasal bones and
hard palate were about parallel, in the experimental animal anterior projec-
tions of straight lines from the surfaces of these bones would soon intersect.
Nasal septal resection in adult rabbits (16) did not result in these changes
(Fig. 7B).

C. Extirpation of the Frontonasal Suture in Young Rabbits

The purpose of this experiment was to study the effects of trauma on the
frontonasal suture (17). The maximal injury, that of extirpation of the
suture, was imposed. Growing female New Zealand albino rabbits, 42-48
days of age at the time of the surgical procedure, were used. A dental bur
mounted in a handpiece was used to extirpate the frontonasal suture either
unilaterally of bilaterally. About a 1.0-cm channel was cut equally from the
frontal and nasal bones. The nasomucoperiosteum was preserved wherever
possible.

Dental amalgam was placed into 0.1-cm prepared cavities as radio-
graphic markers 0.5-1.0cm from the channel edge. The distance between
each pair of implants was recorded. This distance between each implant
and its adjacent channel border, and the width of the extirpated area, was
measured on a line between the corresponding frontal and nasal bone
implants. Immediately on completion of the surgical procedure, a cephalo-
metric radiograph was taken. This was repeated at 14-day intervals.
The 14-day increments and total amount of increased separation between
implants in the frontal and nasal bones after bilateral or unilateral extir-
pation of the frontonasal suture were studied. Postoperative survival ranged
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from 14 to 84 days. The distances between the implants and extirpation bor-
ders were determined directly at the beginning of the experiment as well as at
death.

The gross size and shape of the snout in the rabbits in which the fron-
tonasal suture had been either bilaterally or unilaterally extirpated were
similar to those of the unoperated-on control rabbits. No lateral deviation
of the snout was observed in the rabbits with a unilateral extirpation. A less
long snout was not seen in the rabbits after bilateral extirpation of the fron-
tonasal suture. Rather, it was found that total longitudinal growth was esen-
tially the same in both the control animals and those animals in which the
suture was either bilaterally or unilaterally extirpated. With respect to the
increased separation of the implants, the nasal part of the frontonasal suture
contributed about half, the extirpation site a fourth, and the frontal part a
fourth. The channel width increased as longitudinal growth proceeded.
Thus, a wedging or expansive force between the frontal and nasal bones
by the frontonasal suture apparently was not necessary for growth in that
region. Separation of the nasal and frontal bones, in the absence of the nor-
mal suture, continued at all times in an amount not significantly different
from normal.

These studies indicate the maximal injury as severe as extirpation of a
facial suture failed to produce a growth arrest. Thus, although the frontona-
sal suture is a site of active growth, it is secondary rather than primary
growth. What might be the primary site? Nasal septum?

D. Extirpation of the Median and Transverse
Palatine Sutures in Young Monkeys

The purposes of this experiment were to determine (1) the gross effects of
complete unilateral removal of the hard palate, including the median and
transverse palatine sutures, upon palatal and facial growth and (2) the fate
of the sutures after total resection in the otherwise normal monkey (18).
Because the growth activity of the face is greatest during early life, the
youngest Macaca mulatta obtainable were used. Their dental age at the
beginning of the experiment was estimated to be about 8 months. The oral
mucoperiosteum was first removed from the left half of the hard palate; then
the exposed left bony palate was resected, including the median and left
transverse palatine sutures, the major palatine foramen, and the nasal muco-
periosteum. Thus, open communication was established between the oral
and nasal cavities by the complete surgical cleft. Care was taken not to
disturb either the alveolar processes or the teeth. The postoperative survival
period ranged from 1 to 34 months.
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The surgically produced clefts of the hard palates, with complete com-
munication between the oral and nasal cavities, persisted in varying degrees
(Fig. 10). The postmortem examination of the soft tissue revealed the
absence of rugae on the operated-on side in contrast to the regular and bilat-
erally symmetrical rugal pattern in the unoperated-on animals. The size of
the clefts ranged from a narrow slit with overlapping of epithelial-covered
scar tissue to an extensive cleft, including the boundaries of the surgical pro-
cedure (Fig. 10). In every animal the extensiveness of the bony palatal
defect was masked by the overlying soft tissues. Where the palatal defect
had been bridged by bone, an eccentrically placed suture was found, not
in the midline, but rather on the operated-on side. No definite correlation
could be made between the length of postoperative survival and either the
size of the soft tissue or the bony cleft at postmortem.

Figure 10 Postmortem photographs of oral palatal regions of monkeys arranged
in approximate order of increasing unilateral defect in bony palate. The animals
had both the median and transverse palatine sutures and both the oral and nasal
palatal mucoperiosteum resected producing a complete cleft. The postoperative
survival ranged from 1 to 34 months. There was no correlation between the post-
operative survival and the palatal defect. The upper row of photographs was taken
before the removal of the soft tissues. The lower row of photographs is of the
corresponding animals after removal of the soft tissues. Note how the soft tissues
mask the underlying bony defect. The rugal pattern is absent in the epithelial
scarred surface of the healed operated-on side. Note, in the lower-row, animals
12, 11, and 9, that there is partial bony healing of the palatal defect and that the
reformed suture line is eccentric toward the operated-side. (From Ref. 18.)
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Both the operated-on and unoperated-on sides of the skulls were
compared. In addition, skulls of operated-on monkeys were compared with
unoperated-on controls. No significant gross difference was noted in
growth and development of the hard palate, maxillary arch, mandibular
arch, maxillomandibular relationship (arch form, occlusion, and tooth rela-
tionships), or total face. Within the limits of this experiment, it was con-
cluded that extirpation of the median and transverse palatine sutures did
not produce a grossly apparent growth arrest in either the palate or the
face. Thus, it might be assumed either that these sutures do not make an
important primary contribution to maxillary growth, or that other growth
sites adjusted to the altered conditions. Since the jaws were in occlusion at
the beginning of the experiment, the mandible may have guided maxillary
growth.

After resection of the frontonasal suture with preservation of as
much as possible of the nasomucoperiosteum, the suture reformed. And
of course, after resection of cranial sutures with the dura and brain intact,
the sutures reformed. The midpalatine suture was next selected because it
could be completely resected without any underlying tissue remaining —
no dura, no brain, no oral nasomucoperiosteum. Since a complete cleft could
be produced, this seemed to be the ideal model to test the issue of sutural
regrowth.

E. Findings After Decrease or Increase of Orbital
Contents Volume in Young and Adult Rabbits

Facial growth is related to orbital growth (13). The shape and size of the
orbit result from the balance of a number of genetic and epigenetic factors
that may function on a systemic, regional, and local basis. Is there a key fac-
tor or are there many factors that influence orbital growth? Is there a cor-
relation between orbital size and intraorbital mass? If so, what role do the
vitreous and the aqueous humors, the lens, the globe, the muscles, and other
extraocular structures play?

The relative capacity of the orbit and the size of the eye diminish with
increase in body weight and size. In the human fetus and the newborn, the
eyeball is so large in relation to the socket that it projects beyond the orbital
rim so that a normal fetal exorbitism exists. In infants, the eyes are larger
not only in proportion to body weight than in the adult but also in propor-
tion to the size of the orbit. The growth of the zvgoma is related to the
growth of both the orbit and the eyeball. In humans at birth, the orbital
height is about 55% of the adult size and 79% at 3 years of age. At 7 years
of age, orbital height is about 94% of the adult size, while facial height is still
only 80%.
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A series of experiments was carried out to evaluate the effects of either
decrease or increase of volume of the orbital contents on orbital growth in
both young (Figs. 11 and 12) and adult rabbits. These studies suggest that
orbital volume in the young rabbit is dependent, at least in part, on the
volume of the contents.

In three groups of young rabbits, varying amounts of intraorbital tis-
sue were removed unilaterally (13). In one group, the intraocular contents,
but neither the cornea nor the sclera. were extracted (evisceration) In a sec-
ond group, the eye was removed (enucleation), and in a third group, the
contents of the orbit were removed (exenteration). The postoperative survi-
val was as long as 283 days. A removal permanent elastic rubber base
imprint was made of the clean orbit. Orbital volume was calculated from
the weight and specific gravity of the orbital imprint. A comparison of the
orbital volume data after evisceration, enucleation, and exenteration showed
a direct relationship between the lack of orbital mass and the subsequent
lack of growth and development of the orbit. The orbit of the operated-
on side did increase in volume but did not increase as much as on the unop-
erated-on side. Examination of orbits after enucleation of the eye in adult
rabbits did not show such results (19).

After periodic intrabulbar injection of silicone to increase ocular mass
in young rabbits, the orbital volume was grossly increased over the nonin-
jected side (14) (Figs. 11 and 12). Repetition of this experiment in adult rab-
bits (20) did not produce such gross results (Table 4). Since the eye did not
increase in size, another experiment should be done wherein bulbar expan-
sion occurs.

lll. THE FRACTURED RAT MANDIBLE: DIFFERENTIAL
HEALING OF BONE, CEMENTUM, DENTIN,
AND ENAMEL

A gross, radiographic, and histological study was based on 38 rats, ranging
in age from 15 to 550 days, 29 of which were subjected to unilateral and nine
to bilateral fractures to both the mandible and incisor (23). Since the rodent
(and lagamorph) incisor constitutes a large part of the mandible, alveolar
rather than body (as in most mammals) bone is fractured (Fig. 13B). The
animals were anesthetized with diethyl ether, and the mandible and incisor
were fractured with a pair of cutting pliers. The fracture was confined to the
embedded portion of the incisor just anterior to the molars and was usually
at 90° to the long axis of the body of the mandible and the incisor (Fig. 13).
The fractured jaws were not immobilized. The diet of the experimental ani-
mals was adequate and balanced. Records of weight, general health, and
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H

Figure 11 (A) Dutch rabbit, 6 weeks of age. After two injections, 2 weeks apart, a
total of 0.2 mL of silicone had been instilled into the anterior chamber of the right
eye. Note bulging of eye compared with B, left noninjected eye. (C) Same rabbit at
15 weeks of age after 10 injections at weekly intervals for a total of 1.6 mL of sili-
cone. Note megalocornea with widening of interpalpebral fissure and distortion of
corneal light reflex (c) as a result of corneal aberration and presence of globule of
silicone in anterior chamber of the right eye. Note increased bulging of eye in C
compared with A 9 weeks earlier, and D, left noninjected eye; 1, distortion of cor-
neal light reflex, c; scleral thinning; t, with choroidal pigment visible as dark area.
(D) Left noninjected eye. (E) Anterior enucleated injected eye in C. Note enlarged
bulbus; megalocornea; corneal leukoma, 1. (F) anterior view of enucleated nonin-
jected eye in D. Compare with E. (G) Superior view of enucleated injected eye in
C. Note keratoconus, k, with megalocornea; corneal leukoma, I; sclera, s; and
equatorial scleral thinning, t, with dark diffusely distributed choroidal pigment visi-
ble. (H) Superior view of enucleated noninjected eye in D. Compare with G. (From
Ref. 14. Copyright 1974, Am J Anat, Wiley-Liss, a division of John Wiley & Sons,
Inc.)
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Figure 12 Photographs of skull of Dutch rabbit at 15 weeks of age and superior
view of elastic rubber base orbital imprints (C and D). After 10 injections at about
weekly intervals, a total of 1.6 mL of silicone had been instilled into the anterior
chamber of the right eye. (A) Right orbit (volume 3.9mL) of injected eye. It is
8.3% larger than the left orbit. (B) Left orbit (volume 3.6 mL) of noninjected eye.
I, lacrimal bone; mr, molar root region; o, optic foramen; of, orbital part of frontal
bone; om, orbital process of maxilla; pz, zygomatic process of squamosal; pzm,
zygomatic process of maxilla; s, supraorbital process of frontal bone; t, temporal
fossa; z, zygomatic arch. (C) Imprint of right orbit. Note that it is larger than imprint
in d, of left orbit (a, anterior, p, posterior). (E) Anterior view of skull. Note that the
supraorbital process (s) is larger and higher on the right injected eye side (r). (F)
Posterior view of skull. (From Ref. 14. Copyright 1974, Am J Anat. Wiley-Liss, a
division of John Wiley & Sons, Inc.)

gross appearance of the mandible and incisors were kept after the surgical
procedure.

The animals were killed from 6 % h to 158 days after the surgical proce-
dure. A midsagittal section was made to facilitate radiography of the
mandible. Additional dissection consisted of separating the mandible and
preparing it for histological study.
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A. Bone Healing

Bone healing was active, with rich tissue reactivity. The stages of histological
repair of the fractured rat mandible may be summarized in the following
chronological order: (1) procallus: (a) hemorrhage and initial blood clot
(first few hours); and (b) organization of blood clot and invasion by granula-
tion tissue (first few days); (2) fibrous and/or fibrocartilaginous callus (first
few weeks); and (3) bony callus (first and second month) and reorganization
of bone (first year). These events were in complete agreement with those
occurring in the healing of other bones. Formation of bone was demon-
strated histologically during the second month but not radiographically
until about the fourth month.

B. Dental Changes

By contrast, the fractured tooth differed from bone by the absence of callus
formation and by its limited cellular reaction. Dental changes were chiefly
passive and nonregrenerative and were as follows: (1) adult enamel reacted
only mechanically and was incapable of response by either inflammation or
repair; occasionally, it lost its epithelial covering, which was replaced by
connective tissue or cementum; (2) dentin showed no direct reaction, but
the region between fragments became infiltrated by cells of either the pulp
or periodontal membrane; larger fragments were joined by fibrous union;
odontoblasts were injured, and an atypical secondary dentin was formed
in the pulp; (3) the pulp showed a rich and varied response, ranging from
necrosis to complete recovery, and included bone formation and hemato-
poiesis (Table 5).

C. Healing of Mineralized Tissues

Experimental complete transverse fractures of the mandible in the rat
offered a unique opportunity to both study and compare the effects of simul-
taneous fractures on the growing bone and the growing tooth (Table 5). While
the enamel, dentin, cementum, and bone are all hard, mineralized structures,
they differ significantly in their response to injury and their capacity for
repair. The dental issues that were capable only of apposition were gene-
rally nonreactive, while bone and cementum, which were capable of both
apposition and resorption, were highly reactive and able to recover from
the trauma. The fractured rat tooth changed from an actively functioning
organ to one of deformity and dysfunction, while the repair of bone was fre-
quently effective in restoration of normal function.
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Maxillofacial and Craniofacial
Surgery: Our Family Tree

S. Anthony Wolfe
University of Miami, Miami, Florida, U.S.A.

. INTRODUCTION

A generation of man—the time from birth to adulthood, and production of
the next generation—is generally taken to be 25 years.

The formation of a plastic surgeon takes longer. If one finishes medical
school at 25 and takes eight additional years of training, the generation for a
plastic surgeon would be 33 years, or three generations per century.

Il. EARLY DEVELOPMENTS

Maxillofacial surgery in 1900 did not differ greatly from what surgeons
were doing during the American Civil War, except that anesthesia was
now available, although it had to be administered by open-drop-ether
masks. This limited drastically what surgeons were able to do. Some
improved dental splints were available for the treatment of jaw fractures,
and one notable individual, Edward H. Angle, M.D., D.D.S., in his pub-
lication that was the seminal work in the development of the field of
orthodontics, stated bluntly that interosseous wiring of a mandibular frac-
ture should never be done (1). Some pioneering work in the treatment of
facial malignancy was performed by David Cheever (2) in the United
States and Bernhard von Langenbeck (3) in Germany, who performed
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a variety of access osteotomies to permit tumor removal. Aside from the
precocious and unappreciated mandibular osteotomy performed by Simon
P. Hullihen in 1848 in Wheeling, West Virginia, orthognathic surgery was
not considered possible (4).

The first generation of the twentieth century, who were active
between 1900 and 1933, were responsible for a tremendous flowering in
the field of maxillofacial surgery. George Crile (5) developed the radical
neck dissection for cervical cancer, Edward Angle and Vilray Blair (6)
took pioneering steps in orthognathic surgery with first a body osteotome
and then a ramus osteotomy for manibular deformities. Harvery Cushing
(7) and Walter Dandy (8) were creating the new subspecialty of neurosur-
gery. Medical education underwent restructuring after the Flexner report
(9), and the Board system for examination and certification of surgeons
began.

In England, Sir Harold Gillies made enormous advances in facial
reconstruction with soft-tissue flaps, tube pedicles, and autogenous bone
grafting (10,11). The use of these methods in the treatment of those with
facial injuries sustained in the trench warfare of World War 1 is
considered to be the beginning of the specialty of reconstructive plastic
surgery.

In France, Victor Veau (12) focused on the problems of cleft lip and
palate, and the Curies investigated radioactivity (13). In Germany, Roentgen
(14) developed the x-ray, and Axhausen (15), Joseph (16), Cohn-Stock (17),
and Esser (18) made major contributions to maxillofacial surgery.

lll. THE MID-TWENTIETH CENTURY

The generation that came after this one spanned the period from 1933
to 1966. The injured of World War II received better treatment than
those of the previous war owing to advances in blood transfusion and
anesthesia. However, surgical methods had changed little, with head
caps and tube pedicles similar to those of the previous generations being
widely used. In 1942, Milton Adams (19) brought forward the principle
of fixation of facial fractures to the nearest higher intact structure, but
facial fractures were still treated by interosseous wires placed through
small incisions directly over the fractures. Ralph Millard (20) began
his seminal contributions to cleft lip and palate in the late 1950s, and
Paul Tessier (21-28) about the same time began his work with the Le
Fort 3 type osteotomy, although he did not present the work for
another decade [1967, Rome].
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IV. THE LATE TWENTIETH CENTURY

From the mid 1960s to the end of the twentieth century—our generation—a
number of elements coalesced to make this a period of extraordinary pro-
ductivity. Some of these areas of progress include:

1. Anesthesia. Endotracheal anesthesia became safe and common-
place, respirators became reliable, monitoring devices much more
sophisticated, and intensive care units developed that were run by
full-time, on-the-spot intensivists. Storage and testing of trans-
fused blood became better.

2. Imaging devices. CT and MRI have allowed us to see with preci-
sion and in fine detail in three dimensions, with much better
understanding of the anatomy of the face, making planning and
the ability to evaluate our results much better.

3. Surgical equipment. Collaboration between surgeons and manu-
facturers of medical equipment became closer, with the develop-
ment of plating systems specifically developed for use on the
facial bones, including biodegradable systems, better electrocau-
teries, and suture material with swagged-on needles.

4. Surgery itself. Development of new surgical principles, tactics, and
techniques—in short, how surgeons conceptualize and go about
their craft—have taken of all of the above.

Building on the contributions of the prior generation of German-
speaking maxillofacial surgeons, Hugo Obwegeser (29) showed the versati-
lity of the sagittal split, and Jacques Dautrey (30) and Bernd Speissl (31)
made further improvements in technique and instrumentation. Obwegeser
and Karl Hogeman (32) of Sweden made the Le Fort 1 osteotomy common-
place, and Obwegeser was the first to do a simultaneous two-jaw movement
(33). With collaboration in preoperative planning and preparation by a new
generation of orthodontists accustomed to working with surgeons, orthog-
nathic surgery now could move the tooth-bearing structures predictably and
with stability in all directions. Besides his contributions to maxillofacial sur-
gery, Hugo Obwegeser also became a leader in educating a new generation
of maxillofacial surgeons, both at the Zahnartliches Institut in Zurich
and through his involvement with the European Society of Maxillofacial
Surgeons.

Obwegeser added substantially to the existing specialty of maxillo-
facial surgery; Paul Tessier created an entirely new specialty de novo. After
showing the success of the subcranial Le Fort 3-type osteotomy (a subcra-
nial craniofacial procedure that was a higher facial advancement than had
been previously performed, but still nevertheless a maxillofacial procedure),
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Tessier went on with Gerard Guiot and other neurosurgeons at Hopital
Foch in Paris to show the safety and many possibilities of the transcranial
approach to the face. The entire face could be dissected subperiosteally
through coronal, intraoral, and lower-eyelid incisions. Segments of facial
bones could be displaced and rigidly fixed in any new position desired,
and the success of all of the procedures rested on the liberal use of autoge-
nous bone grafts. The demonstrated success of these procedures used for
congenital anomalies led to the same methods being used for simultaneous
tumor removal and reconstruction, and primary bone grafting in major
facial fractures. At the end of the twentieth century, experienced craniofacial
teams in a number of centers around the world regularly applied Tessier’s
methods with rates of morbidity and mortality that became lower and lower.

Other contributions were made in plastic surgery that could be applied
to maxillofacial and craniofacial surgery. These included myocutaneous
flaps, microsurgical free-tissue transfer, and tissue expanders. Joe McCarthy
(34) and Fernando Molina (35) showed how to make small mandibles larger
by applying Ilizarov’s method of distraction osteogenesis (36), and John
Polley (37) and others developed equipment that could distract the maxilla.
However, contrary to some initial predictions, distraction osteogenesis does
not seem to have supplanted orthognathic surgery in most cases. Rather, it
has made it possible to provide earlier treatment for conditions that were
not well suited to traditional orthognathic techniques.

Although numerous new antibiotics have been developed, the tremen-
dous ability of microorganisms to reprogram their biochemical structure
and rapidly develop resistant strains has been a great disappointment and
relative failure. Hopes are high that newer types of antibiotics can be devel-
oped, based on having the complete DNA map of the human being available
from the Human Genome Project.

Endoscopic surgery, originally developed by gynecologists and then
adopted by general surgeons, was tried by plastic surgeons on a number
of conditions. The most common use by far is for the endoscopic forehead
lift. The technology has been applied to the harvest of certain types of free
flaps, and less often in breast augmentation and abdominoplasty. In maxil-
lofacial surgery, the best application so far seems to be in the fixation of con-
dylar fractures and the visualization of hard-to-see areas such as the medial
orbital wall through the lower eyelid, where it is in reality not being used for
much more than a convenient light source. Each new technology needs to
have its proper applications established, and discussion still continues as
to whether, for instance, it is better to approach an orbital floor fracture
through a Caldwell Luc approach with an endoscope or through a more
direct and simpler conjunctival incision. Similarly, it may seem convoluted
to some to perform an endoscopic release of a unilateral coronal synostosis
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simply to avoid a slightly longer incision in the scalp when the tradeoff
requires wearing a cranial-molding band for a year after the surgery. New
technology will eventually find its appropriate applications.

V. THE FUTURE

What will come for the generation that will extend to 20337 We can expect
that biochemical and genetic advances will be made that will help with spon-
taneous tissue generation, so that instead of a bone graft we will be able to
add a material that will lead to bone formation where it is added. Mundane
but frustrating problems, such as keloid formation, will hopefully find a
cure, as will more and more forms of cancer.

The greatest advances may come, perhaps, if we develop systems of
providing medical care that will simply make it possible to apply what we
are able to do at the highest level in a regular basis to all comers. Just as
designated burn centers have greatly improved the outlook for burn
patients, facial fractures, cancer, and congenital anomalies should be treated
in designated centers by surgeons with the highest level of expertise. The hid-
eous, convoluted, grotesque, and nightmarish system of medical care cur-
rently operating in the United States, wherein bureaucrats who call
themselves ‘““medical directors,” but have no real expertise in medicine, are
rewarded financially for denying as much care as possible, must be dis-
mantled and replaced with a viable system. A certain basic level of care
could best be provided by a national health service, but a nightmare in
the other direction should be avoided by allowing patients considerable
choice in their own medical decisions, and perhaps expecting them to pay
for some of it out of their own pocket.
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Fracture Healing and
Bone Graft Repair

Samuel T. Rhee, Lawrence Tong, and Steven R. Buchman
Mott Children’s Hospital, Ann Arbor, Michigan, U.S.A.

Il. INTRODUCTION

Fracture healing is a dynamic affair that coordinates a host of complex
interacting mechanisms. These remarkable repair processes highlight the
powerful regenerative abilities of fractured bone, which can culminate in
restoration of the damaged part to a near-anatomical state.

The sequence of events leading to regeneration of bone after fracture
healing parallels embryogenic development processes of bone formation.
During adult life, continuous remodeling normally occurs as resorption of
bone and new bone formation proceeds. The nearly perpetually active state
of bone allows significant physiological adaptation in response to a variety
of external and internal stimuli.

Although many factors regulating fracture healing and bone remodel-
ing long have been studied, the recent explosive advance of techniques in
molecular biology has generated a sudden wealth of information regarding
cellular interactions and genetic expression during new bone formation.
This advanced understanding is already driving a new generation of
enhanced bone regeneration therapies that will transform clinical manage-
ment of bone repair and grafting.

95
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Il. BONE COMPOSITION AND TERMINOLOGY

Bone is a specialized form of connective tissue where the extracellular
component is partly mineralized. The inorganic extracellular matrix,
which makes up two-thirds of the dry weight of bone, is composed
primarily of calcium salts such as hydroxyapatite, which provides the tis-
sue significant rigidity and strength. The organic extracellular matrix ix
comprised primarily of collagen (90-95% type I), glycoproteins, and
proteoglycans (1).

Three types of cells have been characterized in bone: osteoblasts,
osteocytes, and osteoclasts. Osteoblasts, and osteocytes are derived from
mesenchymal-type cells termed osteoprogenitor cells (or preosteoblasts or
osteogenic cells), while osteoclasts originate from macropage-monocytic
cell lines. Osteoblasts are immature osteocytes that synthesize organic
extracellular matrix called osteoid, which subsequently undergoes minerali-
zation to form bone. As osteoblasts become encased in bone, they further
differentiate into osteocytes, residing in spaces in the calcified extracellular
matrix called lacunae. Lacunae are interconnected by numerous narrow
canals called canaliculi, which contain thin cytoplasmic extensions of
osteocytes. Osteoclasts are multinucleated cells characteristically found lin-
ing bone surfaces in small depressions called Howship’s lacunae, where
they act to resorb bone tissue. Osteoprogenitor cells line several areas,
including endosteal surfaces of cortices such as marrow cavities and haver-
sian canals, as well as the inner lining (cambium layer) of the periosteum,
which is the surface covering of condensed fibrous tissue investing most
bones.

New bone is initially created in a form known as woven bone, an
immature type that is characterized by coarse, irregular collagen organi-
zation. Woven bone is produced during early bone development and
fracture healing, and it is subsequently remodeled and organized to form
lamellar bone, which constitutes the majority of the mature skeleton.
Lamellar bone has a characteristic multilayered structure, which results from
continuous deposition on existing bone surfaces. This process results in
concentrically stratified units termed osteons (previously called Haversian
systems).

Lamellar bone is divided into two types, cortical (or compact) bone
and cancellous (or spongy) bone. Cortical bone is comprised of multiple
osteons arranged around central neurovascular channels known as haver-
sian canals. Continuing cycles of resorption and deposition of bone result
in secondary osteons replacing the initially produced primary osteons.
The structure of cancellous bone is trabeculated and less dense than cortical
bone, which open spaces, spicules, and increased vascular tissue.
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A. Osteogenesis and Bone Growth

Osteogenesis during fracture healing recapitulates many of the earliest pro-
cesses found in bone development and formation. While the most basic cel-
lular processes remain the same for all osteogenesis, two variant methods:
initial bone formation occur by intramembranous ossification and endo-
chondral ossification.

Intramembranous (or membranous) ossification occurs when bone is
deposited directly into embryonic condensations of mesenchymal tissue.
Many craniofacial bones, including the cranial vault, the maxilla, and most
of the mandible, are formed in this manner. In addition, the iliac crest,
scapula, and clavicle also develop in an intramembranous fashion. Endo-
chondral ossification occurs by formation of an initial cartilaginous pre-
cursor, which is progressively replaced by bone. Cartilaginous epiphyses
or epiphyseal grown plates are responsible for continued longitudinal
growth. The long bones, vertebrae, pelvis, and the skull base develop via
endochondral ossification.

lll. FRACTURE REPAIR
A. Macroscopic Aspects of Fracture Repair

When a bone sustains impact, kinetic energy is transferred and the resultant
force is dissipated through the tissue. The magnitude and direction of force,
the load rate, and the stress duration will determine whether the affected
bone will fail. Fracture occurs when the maximum limit of strain or force
is surpassed.

In addition to fracture of the bone, additional trauma is sustained at
the fracture site aside from the loss of structural integrity. The soft-tissue
envelope surrounding the fracture is disrupted, often with associated
damage to muscle, tendon, and ligamentous tissue. The vascular supply is
compromised as blood vessels rupture. Bleeding ensues with resultant hema-
toma formation at the site of injury.

Clinical signs of fracture may consist of pain, tenderness, deformity,
and decreased range of motion. Functional deficits can be elicited as well
as associated neurovascular injuries.

The resultant fracture site immediately after injury is a milieu of
devitalized soft tissues, clot, and dead bone. As the healing process com-
mences, the nonviable elements are degraded and the hematoma resorbs.
The region of bone bordering the affected area undergoes revasculariza-
tion, which can be seen grossly as the formation of granulation tissue. This
tissue bridges the fracture site and incorporates the interfragmentary gaps.
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The clinical signs associated with revascularization are inflammation with
swelling and edema.

After 34 days, a collar of soft tissue begins to form around the bone
in the region of the fracture, which is referred to as soft callus. The soft
callus may take up to a month to form, binding the fracture fragments. It
provides internal support for the injured bone and helps achieve fibro-
cartilaginous union of the fracture site. The callus forms externally along
the marrow cavity and limits motion at the injured area. This immobiliza-
tion helps prevent reinjury and avoids disruption of newly formed blood
vessels and granulation tissue. Clinically, the end of pain and inflammation
corresponds with soft-callus formation.

Hard callus is formed by mineralization of the soft callus and conver-
sion to bone. The formation of hard callus may take up to 2 months and
upon completion represents bony union. Stability at the fracture site
increases with the formation of hard callus since the bone fragments are
no longer mobile. The union is substantial enough to allow weight bearing.
Once the hard callus is formed and union is achieved, the fracture site will
appear healed radiographically. Often excess bone may be visible externally
and may fill the marrow cavity internally.

A process of modeling and remodeling beings to replace the initial
hard callus with dense compact bone. These changes may take years and
serve to recontour the bone and restore the integrity of the marrow cavity.
Over time the orientation of bone reflects the strains and loads of use. Mod-
eling ensures that the forces transmitted through the bone are supported by
its architecture. In the case of a displaced fracture, these forces work to elicit
the best possible conjunction of form and biomechanical function. At the
end stages of healing, some residual thickening may be seen radiographi-
cally; however, the fracture site can be indistinguishable from normal bone.

In addition to the processes of intramembranous bone repair where
mesenchymal tissues condense directly into bone tissue, and endochondral
fracture healing in which a cartilaginous intermediate develops, in some
instances bone may undergo another fracture healing process known as
primary, or osteonal, healing after a fracture without a cartilaginous inter-
mediate. There is minimal evidence of either soft or hard callus formation,
and bone is formed directly at the edges of the fracture. The new bone
bridges the fracture site and remodeling begins immediately. Lack of
motion, close apposition, and compression at the fracture site foster this
process. This is the method of bone healing most commonly seen with
compression plates.

Local conditions influence fracture healing. Severe trauma with asso-
ciated extensive injury to adjacent soft tissues may retard bone healing,
and an indadequate reduction or undue distraction at the fracture site can
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also compromise fracture repair. Indaequate immobilization or tissue inter-
position between fracture bones may lead to delayed union or nonunion.
Concurrent malignancy, poor nutrition, infection, or previous irradiation
at the fracture site can impede the healing process.

B. Histological Aspects of Fracture Repair

The disruption of the blood supply to a bone when a fracture takes place
leads to ischemia and necrosis (2). The amount of dead bone correlates with
ischemic areas created by interruption of the intracortical blood supply and
the destruction of the medullary and periosteal capillary systems. Greater
levels of injury to bone correlate with increased ischemia due to interruption
of the vascular supply. Soft-issue and marrow elements are disrupted and
the periosteum is split along with bony fragmentation and shearing of blood
vessels. Local osteocyte death leads to release of lysosomal enzymes with
subsequent destruction of collagenous and noncollagenous organic matrix.
Hematoma floods the wound and the acute inflammtory response ensues.
Local tissue reaction results in widespread vasodilatation and edema.

Bloodborne elements are contained in the hematoma and provide the
initial population of cells at the fracture site. Platelet degranulation results
in an initial release of inflammatory cytokines. As clot forms, platelet
deposition continues and a fibrin scaffold develops, allowing migration of
new cells to the site of injury. Additional early inflammatory cells include
macrophages, polymorphonuclear leukocytes (PMN), and mast cells. In
addition, osteoclasts derived from syncytial consolidation of monocytes
are present (3). Macrophages and giant cells begin to remove necrotic debris
and resorb hematoma as osteoclasts assimilate and remove dead bone while
digesting and eroding fracture surfaces (4).

As the healing process continues, precursor mesenchymal cells and
osteoprogenitor cells proliferate and migrate into the wound from adjacent
muscle and marrow as well as from local layers of endosteum and the cam-
bium layer of the periosteum (5). These cells contribute to the earliest forma-
tion of bone at the fracture site (6). The blood supply to the fracture is
primarily periosteal in origin, but as the clot continues to organize, neo-
vascularization occurs with endothelial cells and smooth-muscle cells
migrating along the fibrin scaffold with ingrowth of capillary buds and gran-
ulation tissue (7).

The development of capillaries provides the pool needed for ongoing
replacement of cells during fracture repair. There is an influx of mononuc-
lear cells from the blood and local differentiation of cells of the cambium
layer of the periosteum. These local precursor cells differentiate into
osteoblasts, fibroblasts, and chondroblasts, respectively producing osteoid,
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collagen, and cartilage (8,9). Initially, type I, II, and III collagen is
deposited, but with maturation of the soft callus, type I collagen predomi-
nates, forming the framework on which mineralization occurs (10). With
the onset of hard-callus formation, there is intensive regeneration of new
Haversian systems, and remodeling occurs to accommodate physical forces
placed on the injured bone.

As osteoclastic degradation of devitalized fracture fragments con-
tinues, there is an increase in cellularity and protein synthesis at the fracture
site. The periosteum thickens and a collar of tissue grows around the frag-
mented bone that consists of inflammatory cells, differentiating multipoten-
tial cells, and their products. These cells, which differentiate into fibroblasts,
chondroblasts, and osteoblasts, soon produce fibrous tissue, cartilage, and
woven bone in a structure termed the soft callus. Found at the external por-
tion of the bone and within the medullary cavity, the soft callus binds the
fracture site. This cellular and tissue interaction culminates with a state of
fibrous union, bridging and stabilizing the broken bone. The larger the dia-
meter of the callus the more mechanical advantage it possesses (11). The
main constituent of the soft callus is unmineralized cartilage, especially at
the more peripheral areas. Regulation of the composition of cartilage,
fibrous tissue, and bone of the soft callus is poorly understood but seems
to be controlled by differences in local factors such as degree of bone displa-
cement, vascularity, soft-tissue injury, and fracture contamination.

The cartilage of the soft callus gradually converts to bone by a process
of endochondral ossification. The cartilage intermediate, made up of pri-
marily type II collagen, undergoes degradation, and the cells of the soft cal-
lus begin to synthesize and secrete new matrix composed chiefly of type I
collagen (12). Calcium hydroxyapatite is deposited in the matrix, and the
resultant calcified collagen structure forms a slender perforated labyrinth
of interconnecting spaces that are invaded by developing blood vessel
(13). Osteoprogenitor cells migrate along the new vascular channels and
form a layer on the calcified remnants of cartilage matrix. These osteogenic
cells differentiate into osteoblasts, which lay down woven bone with dis-
organized collagen element (14). The woven bone forms a network of fine
trabeculae in the interstices of the capillary channels. This immature woven
bone results in bony union of the fracture site; weight stress can be placed on
the fracture when this stage is complete.

Once bony union is achieved, the fracture site initially does not resem-
ble the architecture of the original bone, nor does it have preinjury strength
and stability. Continued modeling and remodeling restore original form and
function. Modeling refers to cellular interactions that result in a normaliza-
tion of bony macrostructure, while remodeling is the cell-mediated break-
down and reformation of bone leading to reorientation of the bony

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



Fracture Healing and Bone Graft Repair 101

infrastructure in response to physical forces. These processes work concur-
rently to complete the sequence of events in bone healing (15). Histologi-
cally, the hard callus is made up of woven bone, which is patterned after
capillary ingrowth rather than the lines of force. A highly organized set of
successive layers of lamellar bone replaces woven bone under the influence
of functional stresses.

Cellular modules or units of osteoclasts and osteoblasts are activated
in sequences of both bone resorption and formation to convert the prelimin-
ary contours of the hard callus to the original bony architecture (16). First,
osteoclasts resorb the excess irregular woven bone not subjected to strains or
loads. Osteoblasts then deposit a new organic matrix of lamellar bone that
later mineralizes, resulting in new struts of mature bone laid down along
lines of stress. These sequences continue to cycle, re-establishing the marrow
cavity as well as restoring the structure of normal, haversian system (15).
Once bony strength and structure are re-established, the processes of model-
ing and remodeling continue on a lesser scale as part of normal homeostatic
mechanisms managing physiological demands on the bony skeleton.

Primary bone healing, or osteonal healing, referred to earlier, differs
histologically from the sequence of events just described, which is typically
termed secondary healing. In the case of primary bone healing, mechanical
factors such as lack of motion and close apposition of the fracture site,
which typically occurs in the proper application of rigid compression plates,
allow direct internal remodeling and intracortical healing to take place. Pri-
mary bone healing occurs in fractures treated with open reduction and rigid
internal fixation when the fractured bone ends are closely apposed and
immobilized. This sequence of fracture repair lacks significant inflamma-
tion, a cartilaginous or mesenchymal intermediate (as found in endochon-
dral or intermembranous healing), or callus formation (17). Existent
osteoprogenitor cells differentiate into osteoblasts, and locally derived osteo-
clasts of osteogenic or hematological origin initiate bone healing. Units or
cones of osteoclasts move across the fracture line, resorbing dead bone.
Another cone of osteoblasts trails behind, depositing woven bone parallel
to the axis of the long bone (18). This process parallels the intramembranous
ossification that occurs in embryological development of flat bones. Primary
bone healing incorporates and connects haversian systems, remodeling bone
at the fracture site. New osteons traverse the fragments of broken bone, cul-
minating in direct osteonal union.

C. Biochemical and Molecular Aspects of Bone Healing

The theory of regional acceleratory phenomenon (RAP) is an attempt
to explain the complex network of regulatory controls initiating and
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maintaining fracture repair (19). This theory states that as a response to
injury, the ultimate healing of a fracture occurs through a series of interre-
lated cellular events controlled by local and bloodborne proteins. RAP
begins with local changes resulting from an injury to bone and relates these
changes to perturbations of local cells. Autocrine, paracrine, and endocrine
factors produced by these cells initiate biochemical changes leading to a
well-coordinated cascade of reactions between cells and their products,
resulting in fracture repair. These interactions may contribute to the com-
munication, timing, and influence of specific elements responsible for bone
repair, and information regarding this network could potentially lead to
pharmacological intervention to enhance bone repair.

Bone repair is initiated by the activation or induction of local and
bloodborne cells and their subsequent proliferation and interaction. Exam-
ples include the processes of osteoinduction and osteoconduction as out-
lined by Urist (20). Osteoinduction involves the transformation of
mesenchymal pluripotential cells into bone-forming cells by means of chemi-
cal, humoral, and/or physical signals. Osteoconduction refers to the
ingrowth of capillaries and osteoprogenitor cells into the fracture from
the surrounding bone and soft tissues, interconnecting the fragments and
leading to gradual formation of new bone. It has also been referred to as
“creeping substitution” in the case of bone graft healing (21). These pro-
cesses, both of which are active and important in fracture repair, appear
to be controlled by local proteins produced by cells at the fracture site
and influenced by endocrine signaling as well.

1. Growth Factor Release

Many growth factors and regulatory protein complexes have been isolated
that have been demonstrated to influence various portions of the bone-
healing cascade (22). These substances are thought to be temporally
released to fit into the schema of fracture repair and to drive the coordi-
nated cellular interaction needed for an ordered progression toward bone
regeneration.

The cells involved in the early stages of bone repair are essentially
those present in any early traumatic wound. Bleeding at the fracture site
leads to platelet aggregation and clot formation. PMNs, macrophages,
and fibroblasts are attracted to the area of the injured bone in the first sev-
eral hours and days after injury, when multiple chemoattractant factors and
mitogens are present. As part of the first response to injury, platelet-derived
growth factor (PDGF) and transforming growth factor-beta (TGF-beta) are
released by degranulating platelets (23). This is followed immediately by
infiltrating macrophages and other inflammatory cells secreting fibroblast
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growth factor (FGF) as well as additional TGF-beta and PDGF. IL-I and
IL-6 are also thought to be released along with a host of other cytokines;
however, this has only been indirectly demonstrated, and much of the proin-
flammatory and immune cytokine expression during the fracture repair pro-
cess remains imprecisely identified (24,25).

PDGF has been shown to elicit an endothelial response and to pro-
mote fibroblast chemotaxis and proliferation. In addition, PDGF enhances
cartilage synthesis and production of type II collagen. Concurrent prosta-
glandin release recruits monocyte precursors than can then differentiate into
osteoclasts. Prostaglandins have been shown to increase the size and number
of osteoclasts that can cause profound effects on bone resorption. Lympho-
kines and monokines derived from bloodborne elements in the hematoma
act as mitogens, recruiting and directing cells to move into the wound and
begin to divide.

Macrophages and other inflammatory cells express fibroblast growth
factors 1 and 2 (FGF-1 and FGF-2), which are angiogenic and may foster
neovascularization of the fracture site and early formation of granulation
tissue. Later in the fracture-healing course, FGFs are expressed by masench-
ymal cells, chondrocytes, and osteoblasts and have been demonstrated to
enhance TGF-beta expression in osteoblastic cells via a receptor tyrosine
kinase pathway. FGF-1 (or acidic FGF) appears to be primarily mitogenic
for chondrocytes, and expression peaks during chondrogenesis. FGF-2 (or
basic FGF) is thought to be more potent and is expressed by osteoblasts.
It is thought to influence multiple phases of fracture repair ranging from
events in early injury to late callus remodeling. Kallikreins also stimulate
the release of vasoactive and angiogenic factors that can affect the local
blood supply. Local lymphocytes and monocytes release osteoclast-activat-
ing factor (OAF), which stimulates osteoclastic bone resorption.

TGF-beta is a pleiotropic growth factor released by degranulation of
platelets within the hematoma and by the extracellular matrix at the fracture
site (23,25,26). During the initial stages of fracture healing, TGF-beta is
immunolocalized to the region of the hard callus where periosteal prolifera-
tion and intramembranous bone formation occur (25,26). In this early stage,
TGF-beta likely stimulates proliferation of preosteoblasts within the area of
injury. Later during the fracture-healing process, TGF-beta levels increase
during chondrogenesis and endochondral bone formation, with peak levels
temporally coinciding with chondrocyte hypertrophy (25,26). TGF-beta acts
to stimulate undifferentiated mesenchymal and chondrocyte proliferation
and associated extracellular matrix production. In addition, TGF-beta
may be involved in coordinating bone formation with resorption (25).

Many of the endogenous effects of TGF-beta during fracture heal-
ing have been most accurately deduced from studies of exogenously
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applied TGF-beta in animal models. In vitro studies have shown both
inhibitory and stimulatory effects of TGF-beta depending on local cell
conditions, suggesting that cell culture results may not accurately reflect
in vivo effects of TGF-beta (27). Five isoforms of TGF-beta have been
identified to data (28). Isoforms TGF-beta 1 and TGF-beta 2 have been
studied most extensively in regard to fracture healing. TGF-beta appears
to have the ability to stimulate bone healing, as demonstrated by several
studies. Continuous infusion with high-dose TGF-beta at the defect sites
in midtibial osteotomies in rabbits resulted in dose-dependent increases in
callus volume and increased mechanical strength versus untreated osteo-
tomies (25,29). Similarly, TGF-beta was injected at a fracture site every
2 days for 40 days in a rat tibial fracture study, resulting in a dose-
dependent increase in callus cross-sectional area and mechanical strength
(30). These improved results in fracture healing with TGF-beta adminis-
tration appear to require high dosages with persistent treatment (25).
Other studies utilizing single-treatment doses at the time of osteotomies
have failed to show significant improvement in bone healing. Large cal-
varial defects in adult baboons treated with human TGF-beta 1 did
not result in significant new bone formation compared to untreated
defects (31).

Insulin-like growth factors (IGFs), also known as somatomedins, are
known to stimulate osteoblastic cell proliferation and type I collagen synth-
esis in vitro (32). Serum concentrations of IGF are regulated by growth hor-
mone and have a wide range of systemic mitogenic effects. IGFs are
incorporated into bone matrix during bone formation and are released dur-
ing resorption (33). As one of the most abundant growth factors stored in
bone matrix, IGFs are released during fracture healing and are present in
varying concentrations in fracture callus tissue. Although IGF has a variety
of anabolic effects on osteoblasts in vitro, in vivo studies have resulted in
varied results. A study with bony defects in rabbits did not demonstrate
increased healing with systemic IGF application (34). However, in other stu-
dies, subcutaneous IGF infusion did improve bone repair in calvarial and
zygomatic arch defects in adult rats (35,36). While the osteogenic effects
of exogenous application of IGF in fracture healing are still undergoing
further study, it has been hypothesized that physiological IGF acts to mod-
ulate coupling of bone formation to resorption (37). Many current studies
have focused on utilizing IGF to bolster osteogenesis in osteopenia resulting
from increased resorption, such as in postmenopausal and skeletal disuse
models (38-40). Owing to the small size of IGF peptides, the bioavailability
of systemically administered IGFs is short. Associated protein complexes,
known as IGF-binding proteins (IGFBPs), increase the half-life of IGFs
and potentiate their effects (41).
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2. Osteoinductive Factors

One group of cytokines, bone morphogenetic proteins (BMPs), has been
demonstrated to have true osteoinductive properties. BMPs have been pro-
ven to stimulate new bone formation in vitro and in vivo. In addition, they
play critical roles in regulating cell growth, differentiation, and apoptosis in
a variety of cells during development, particularly in osteoblasts and chon-
drocytes.

A subfamily of the TGF-beta superfamily of polypeptides, BMPs are
distinguished from other peptides in this group by having seven, rather than
nine, conserved cysteines in the mature region (42). There are currently 16
identified BMPs, although only a subset have been found to be expressed
in fracture healing (42). BMPs were initially characterized by Urist; their
identification was based on the capacity of demineralized bone powder to
induce de novo bone formation in an intramuscular pouch, demonstrating
the ability to directly induce mesenchymal connective tissue to become
bone-forming osteoprogenitor cell (43,44).

BMP signal transduction occurs through serine-threonine kinase
receptor-mediated pathways in a manner similar to TGF-beta. BMP signal-
ing involves a complex receptor pattern whereby the BMP protein binds
BMP receptor type 11, which leads to the association of the complex with
BMP receptor type I, resulting in an active receptor-ligand complex. This
interaction can be blocked by BMP antagonists noggin and chordin, which
prevent receptor binding. Activation of the BMP-signaling pathway is trans-
mitted through a family of signal effectors termed SMADs (an acronym
derived from the C. elegans gene Sma and the Drosophila gene Mad, the first
identified members of this family) (25).

During fracture repair, BMP-2, BMP-3 (also known as osteogenin),
BMP-4, and BMP-7 (OP-1) have been found to be expressed to varying
degrees (25). BMPs are initially released in low levels from the extracellu-
lar matrix (ECM) of fractured bone. Osteoprogenitor cells in the cambium
layer of the periosteum may respond to this initial BMP presence by dif-
ferentiating into osteoblasts. Immunolocalization demonstrates an increase
in detectable BMP-2/4 near the fracture ends in the cambium region of the
periosteum (45,46). BMP receptor IA and IB expression is dramatically
increased in osteogenic cells of the periosteum near the ends of the fracture
in the early postfracture period (47). Staining for BMP-2, BMP-4, and
BMP-7 is minimal around the fracture hematoma, but is upregulated in
primitive mesenchymal cells as they infiltrate the fracture site and prolifer-
ate (45). Approximately 1-2 weeks postfracture, BMP-2/4 expression is
maximal in chondroid precursors, while hypertrophic chondrocytes and
osteoblasts show moderate levels of expression. It is hypothesized that
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the role of BMPs in fracture repair is to stimulate differentiation in osteo-
progenitor and mesenchymal cells that will result in osteoblasts and chon-
drocyte (25). As these primitive cells mature, BMP expression decreases
rapidly. BMP expression temporarily recurs in chondrocytes and osteo-
blasts during matrix formation, and eventually decreases during callus
remodeling.

Studies of BMPs in animal models have demonstrated their capabil-
ity to induce union of large segmental critical size defects that otherwise
would fail to heal (25). The addition of partly purified canine BMP to car-
rier implants significantly increased new bone formation in radial segmen-
tal defects in dogs (48). Another canine study showed that the addition of
recombinant human BMP-7 (rhBMP-7) to collagen carriers in ulnar seg-
mental defects was associated with complete radiographic bony union,
while collagen carrier alone failed to show new bone formation (49).
rhBMP-2 has also demonstrated new bone formation in other animals.
One report found dose-dependent osteogenesis with BMP-2 treatment in
critical-size femoral defects in rats (50). Similar dose-dependent osteogen-
esis with rhBMP-2 was found in a rabbit ulnar defect model. In this study,
high-dose BMP-2 resulted in union for all treated animals, while half of
the low-dose-treated animals demonstrated union. Untreated animals
had no union. Mechanical testing found that the BMP-2-treated healed
ulnae achieved strength and stiffness comparable to that of intact control
ulnae (51). Critical size defects in adult baboons have been successfully
treated with partly purified BMP-3 (52). BMP-induced osteogenesis in
another rhesus monkey cranial defect study demonstrate a histological
sequence of mesenchymal cell proliferation, cartilage differentiation, woven
bone formation, and lamellar bone formation with nearly complete healing
at 16 weeks of a 14-20-mm defect (53). Similar findings in sheep and dogs
have been reported (54,55).

Clinical studies utilizing partly purified BMPs have been used in
combination with autologous and allogeneic bone grafts to successfully
repair large segmental defects of the tibia and femur (56-62). In one
study, 30 patients were treated with allograft and partly purified human
BMP, supplemented with autograft if the defect was greater than 2cm.
Healing was demonstrated in 24 patients at a mean of 6 months after
BMP treatment (56). In prospective randomized study, 30 tibial nonunion
patients were treated by reamed nailing with either rh-BMP-7 or auto-
graft, with no significant differences in healing found between the two
groups (63). No significant adverse effects were noted. A proliferation of
animal and clinical studies are underway to evaluate different BMP deliv-
ery systems that modulate the concentration, localization, and duration of
administration.
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D. Biophysical Aspects of Fracture Healing
1. Oxygen Tension

Changes in oxygen tension influence the formation of bone and cartilage at
the fracture site. Relatively hypoxic cells in settings of low oxygen tension
are more likely to form cartilage intermediates during bone formation
(64). Histologically, nests of persistent cartilage are formed in areas of the
fracture callus most distant from the capillary buds. Conversely, higher oxy-
gen tensions are related to the promotion of direct bone healing. In fact, the
requisite immobilization needed for primary bone healing is thought to be
due to the need to maintain higher oxygen tensions at the fracture site. Rigid
fixation may accomplish this by preventing reinjury to blood vessels and
preserving oxygen delivery to the wound (4,65).

Although higher oxygen tensions may generate bone without a carti-
lage intermediate, it should be noted that this level of oxygen tension is high
only relative to other areas of healing bone. In fact, the overall partial pres-
sure of oxygen found in tissue during bone repair is low when compared to
systemic values. In general, low oxygen tension favors bone healing (66).
Experimental evidence of in vitro bone growth shows optimal results in a
setting of low partial pressure of oxygen (67). Utilizing organ culture of
embryonic chick tibia, one study deomonstrated maximum osteogenesis
under 35% ambient oxygen and suppression under 5% oxygen. With high
oxygen concentrations (95%), the embryonic cartilage in the explant became
damaged and badly eroded by chondroclasis (68,69).

Bone and cartilage cells follow a mostly anaerobic metabolic path-
way. The fracture hematoma has a lower pH than serum, and lactate
production increases and peaks during the metabolically active period
of soft-callus formation. This increase in acid production is in keeping
with biochemical evidence of glycolytic enzyme patterns during the prolif-
eration of bone and cartilage cells (13). Brighton’s studies support the
theory that tissue hypoxia may we play a role in endochondral ossifica-
tion at the fracture callus. Hypertrophic chondrocytes that have seques-
tered calcium in their mitochondria release their stores when all of the
glycogen available for anaerobic metabolism is consumed. The released
calcium aids in the nucleation and mineralization of surrounding matrix
(13,66,67).

There is increased vascularity and blood flow in fresh fracture site.
Blood flow peaks at 10 days and may take up to 2 months to normalize
(70). Despite the increase in perfusion, the oxygen tension in the fracture
hematoma is low. In fact, research using microelectrodes indicates that oxy-
gen tension is also low in freshly formed fracture cartilage and bone (66).
Furthermore, other experiments confirm that partial pressure of oxygen is
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low in fresh fracture callus and that oxygen consumption during active bone
formation is not increased (71).

The coincident states of increased blood flow, steady-state oxygen
consumption, and low oxygen tensions at the fracture site appear contra-
dictory. However, if hypoxia and oxygen utilization are thought of as
being measured at the cellular level, a more cogent explanation becomes
apparent. If the cellular proliferation at the growing fracture callus out-
strips the augmented blood supply, then each cell will show low oxygen
tension and a lower-than-expected oxygen consumption. Despite increased
perfusion to a fracture site, an increase in cell number greater than the
concomitant rise in blood supply would lead to a relative state of hypoxia
at the cellular level (13). Perhaps it is this oxygen gradient across the frac-
ture callus that drives the formidable stimulus of induction of bone repair.
Although not fully substantiated, this theory remains an active area of
continued research.

2. Mechanobiology

The biomechanical influences on fracture healing consist of the application
of mechanical forces and their effects on healing bone. These forces—ten-
sion, bending, and torsion—represent the spectrum of mechanical properties
that normal bone must accommodate. During physiological homeostasis of
intact bone, the tissue responds to short periods of cyclical mechanical
deformation to effect adaptive changes that optimize its mass and architec-
ture to adapt to its current mechanical environment (72,73). Similarly, the
repair of bone is modulated by mechanical influences. During fracture heal-
ing, formation of the fracture callus reduces interfragmentary movement
to the extent that both fragments can be united. Bony union is influenced
by the strain magnitude, the strain rate, and the tissue stress experienced
at the fracture healing site (72,74). Studies have shown that there exists a
specific range of mechanical stimulation that optimizes osteogenesis during
fracture healing. One research group demonstrated that short periods of
cyclical micromotion increase the rate of fracture healing versus unstimu-
lated controls (74,75); however, exceeding the ultimate strain or yield, point
of the callus mass can induce additional damage and inhibit the healing pro-
cess (72). Conversely. insufficient mechanical stimulation can retard bony
regeneration (76).

As the repair process continues, the fracture site increases in stiffness
and the differentiating tissue becomes mechanically more stable. The forces
experienced at the site result in significant mechanotransduction-induced
tissue adaptation. Bending stiffness generally returns more rapidly than
bending strength (11). Initially, the bone fails throughout the area of the
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healing fracture, but as the repair process continues the bone gains
strength and resists alteration. Ultimately, a completely healed bone
should have an equal probability of failure at or outside the site of pre-
vious injury (77).

It has long been known that local mechanical conditions influence
the process of fracture healing, and consequently studies of these physi-
cal factors in skeletal regeneration have been performed from the macro-
scopic perspective of the organ and tissue level to the most specific levels
of cellular and molecular changes (78). Organ level studies, for example,
can characterize the relationship between the force and stiffness proper-
ties of fracture fixation devices and the resultant rate and quality of
fracture healing. Tissue studies evaluate mechanical characteristics of
stress and strain and their effects on tissue differentiation. Cellular
and molecular studies relate specific cellular changes such as shape
deformation and matrix interactions with signaling cascades and cyto-
kine activation.

One researcher, Pawels, derived seminal mechanobiological principles
that predict differentiation patterns found in tissue during fracture healing
and osteogenesis (79). Based on initial theories formulated by Roux and
Benninghoff in the early 1900s (80,81), his concepts detailed the mechanical
influences on mesenchymal tissue development by observation of
patterns of growth in vivo (78). Pawels hypothesized that (1) direct intra-
membranous bone formation is more likely lo occur in areas of low stress
and strain; (2) hydrostatic compressive stress is a stimulus for chondrogen-
esis; and (3) high tensile strain is a stimulus for the net production of fibrous
tissue (78).

These concepts correlate with finite element analyses of typical tis-
sue force distributions at healing fracture sites (78). Direct bone forma-
tion is generally observed on the endosteal and periosteal surfaces near
fracture gaps, and intramembranous bone formation is usually greater
on the periosteal surface (78). This osseous bridging usually occurs on
the peripheral edges of the callus, where hydrostatic pressure is low.
After the initial bridge is formed, the softer inner portion of the callus
is shielded from hydrostatic compressive forces, facilitating endochondral
ossification, which proceeds from the outer portion of the callus inward
toward the center (78). If the fracture site is inadequately immobilized,
the resultant bending and torsional displacement creates high hydro-
static-compression pressures and tensile strains within the gap. In
addition to the direct physical damage to the callus tissue and angio-
genesis at the fracture site, the high compression and strain leads to
fibrous tissue and fibrocartilage formation, delaying or preventing bony
union (78).
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3. Bioelectrical Effects

The study of the effects of electromagnetic fields during fracture healing
derived from the discovery that dehydrated bone tissue generated an inter-
nal electric field when deformed by mechanical force (82-85). This finding
was extended to living tissue when Cochran et al. reported biphasic electric
potential generation within bone subjected to mechanical loads in vivo (86).
These early investigators hypothesized that these electrical signals were part
of a negative feedback loop by which bony remodeling adapted to its
mechanical environment (82).

This electromechanical transduction is both piezoelectric and electro-
kinetic in origin. Piezoelectricity is the generation of electric polarity by
pressure within the mineralized bone. Electrokinetic energy arises from
the entrainment of ions due to fluid motion within the bone. Alterations
in these bioelectrical potentials in bone can experimentally influence osteo-
genesis, and these signals may have a role in controlling physiological bone
cell activity and bone structure (82).

Stress-generated potentials act on bone with distinct polarity so that
compressive forces show electronegativity while tensile forces produce elec-
tropositivity. Additionally, concave surfaces tend to be electronegative and
convex surfaces electropositive (83,84). Clinically, bone develops increased
callus on an electronegative concave surface following fracture reduction.
Studies have also shown that regions of electropositivity are osteoclastic,
while regions of electronegativity are osteoblastic (87). Such evidence sug-
gests a role for bioelectrical potentials in bone repair.

Bioelectrical potentials recorded from a fresh fracture callus are
strongly negative at the beginning of the healing process and slowly revert
to normal as healing progresses (88). This supports the concept that active
bone growth and repair are electronegative. The process has also been
reproduced experimentally to show that when electricity is applied to bone
at specific currents and voltages, the result is osteoblastic new bone forma-
tion. These findings have been used clinically in the treatment of fracture
nonunion (89).

Experimental studies applying exogenous electromagnetic fields during
fracture healing have typically utilized two modalities: application of direct
current with implanted electrodes at the fracture healing site and the use of
pulsed electromagnetic fields to the fracture healing area. Attempts to apply
direct current to fracture sites were reported as early as the mid-1800s
(82,90,91). More recently, researchers have demonstrated accelerated
fracture healing with direct current stimulation in a rabbit model (92).
Although direct-current electrical stimulation appears to initiate mitosis
and recruit osteogenic cells (93), the mechanism is thought to be due to
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an electrochemical reaction at the electrode-tissue interface where oxygen
consumption and pH increase (82,94-96). Another alternative hypothesis
is that mechanical micromotion of the electrode provides significant impetus
itself for osteogenic upregulation during direct-current stimulation (97).

Pulsed electromagnetic fields have been used clinically to treat non-
unions and have been approved by the Food and Drug Administration
for that use (98,99). Most devices studied send electric current though a wire
coil placed over the fracture site, thus noninvasively producing a magnetic
field. Some devices alternatively utilize capactive coupling stimulation using
electrodes placed on the skin. Developers of clinical devices use induction
waveforms with relatively high-frequency (1-10 kHz) pulses and gated at a
low frequency (1-1000 Hz) (82). Several double-blind clinical trials have
found mixed results regarding the efficacy of pulsed electromagnetic fields
(82). One study found electromagnetic field treatment to be no more effec-
tive than conservative management in promoting union in fractures that
had not healed in 52 weeks (100). Another trial showed a significant benefit
in healing delayed unions after 16-32 weeks with pulsed electromagnetic
fields, although the result was not as optimal as that of surgical intervention
(101). A study after tibial osteotomies demonstrated a twofold increase in
the number of patients demonstrating advanced healing with 60 days of
pulsed electromagnetic field treatment compared to controls (102). In con-
trast to the effects of direct current, pulsed electromagnetic fields appear
to affect differentiated bone cells instead of precursor cells, reducing osteo-
clastic resorption, increasing revascularization of the fracture site, and
increasing rates of bone formation by osteoblasts (82,93,98). Although a
number of genetic transcriptional changes have been documented, their
end results are not yet clear. Several studies have demonstrated increases
in IGF, TGF-beta, and BMP growth factors in cell culture models; however,
the mechanism by which upregulation occurs remains unclear (103). In addi-
tion, the complexity of the pulsed electromagnetic waveforms themselves
mike it difficult to elucidate the primary stimulus for increased bone healing
(82). Further research is underway to identify the mechanism involved in
transducing bioelectric stimuli.

4. Low-Intensity Ultrasound

The efficacious effects of low-pulsed-intensity ultrasound treatment in aug-
menting fracture healing have been well documented. Researchers first
reported in 1983 the successful application of low-intensity-pulsed ultra-
sound in humans to treat fracture nonunions (104). The energy level,
30mW/cm?, is well within the range of diagnostic ultrasound devices
(1-50mW/cm?), and much lower than energies used for surgical

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



112 Rhee et al.

interventions (5-300 W/ cm?) such as tissue ablation and calculi dissolution
(105). Animal and clinical studies have documented effects including increased
callus formation, increased biomechanical strength, and increased new bone
formation by radiographic studies (106-108). Molecular studies have
demonstrated upregulated aggregan and osteopontin mRNA transcription
in rat fracture healing models (109,110). Tissue selectivity to specific charac-
teristics in the ultrasound signal has been demonstrated by several studies. A
pulse width of 200 us and a 1-Hz repetitive frequency has a significantly
greater effect on fracture healing than other tested parameter (105,111).

The mechanobiological mechanism by which ultrasound treatment
influences the fracture-healing process is not known, owing to the complex
nature of the physiological response of tissue to high-frequency acoustic
energy (105). The higher-energy absorption rate of bone, owing to its
increased density compared to soft tissue, likely plays a significant role in
the targeted nature of ultrasonic treatment of bony injuries. As ultrasonic
energy is absorbed, the conversion to heat energy results in a small
(< 1°C), but possibly significant, rise in temperature (105). One hypothesis
is that certain enzymes, particularly collagenases, are extremely sensitive to
small temperature changes and may be differentially upregulated (105,112).
Another hypothesis regarding fracture healing and ultrasonic energy is that
stable cavitation may occur in areas of fluid after ultrasonic treatment. As a
result, extremely small pockets of air may become trapped within the frac-
ture site, serving as nucleation sites for growth (105,113). An additional
hypothesis suggests that a direct increase in blood flow to the fracture site
may be the principal factor accelerating healing by ultrasound treatment
(105). Studies in an osteotomized dog ulna fracture-healing model demon-
strated increased vascularity at the fracture site after 10 days of ultrasonic
energy application, with improvement of blood flow distribution around
the fracture compared to untreated controls (114).

Studies are continuing to more precisely elucidate the nature of the
ultrasonic-induced effects on fracture healing. Given the noninvasive, rela-
tively safe, and inexpensive treatment modality ultrasound offers, if its
mechanism is better understood, ultrasonic energy may become part of stan-
dardized therapy for a variety of complicated fractures.

IV. BONE GRAFTS

Surgery involving the craniofacial skeleton often requires the use of bone
grafts for reconstruction of congenital and acquired deformities and skeletal
augmentation in aesthetic surgery. Bone grafts are used to fill bony defects,
provide structural support, and buildup the deficient areas in contour
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restoration. Nonvascularized autogenous bone grafts (i.e., free grafts) are
the gold standard for reconstruction in the craniofacial complex.

A. Nonvascularized Bone Graft Physiology

After a bone graft is harvested and transplanted to a new region, multiple
biological processes occur as the graft becomes incorporated into its host
bed. Healing and incorporation involve the processes of inflammation,
revascularization, osteoconduction, osteoinduction, osteogenesis, and remo-
deling. An important aspect in (nonvascularized) bone graft healing is that a
substantial portion of the biological activity originates from the host. Most
viable osteocytes within the graft itself die quickly after transplantation, ren-
dering the graft comparatively inert versus the host. Despite this substantial
biological interactions occur between the graft and the host, and the graft
has a fundamental role in determining its own fate. This biological interplay
between graft and host establishes the final result.

In 1907, Axhausen first described systematically that nonvascularized
bone grafts heal through a sequence of events, and his work has been cited
frequently (115). He noted that bone grafts initially undergo partial necrosis,
followed by an inflammatory stage, in which the existing bone is replaced
with new bone by osteoblasts that are brought in through the invading
blood vessels. Axhausen coined the term “‘creeping substitution” to describe
the slow process of vessel invasion and bony replacement. More recently,
these events have been referred to as osteoconduction, and both terms are
used interchangeably.

Hematoma formation around the bone graft is the first event that
occurs after graft transplantation, usually caused by bleeding from the
surgical disruption of host soft tissues and the recipient bony bed. During
this early stage, only a small minority of the cells within the bone graft
are still viable, located at the graft’s peripheral surface. These surface cells
survive, owing to early revascularization or by plasmatic imbibition
(116,117). An inflammatory reaction around the graft ensues and lasts
for 5-7 days. The inflammatory tissue becomes reorganized into a dense
fibrovascular stroma around the graft, and the onset of vascular invasion
occurs at 10-14 days (118), bringing cells with osteogenic potential into
the graft (119). These cells (osteoblasts and osteoclasts) begin to replace
the graft, while the interstices of the old bone act as a scaffold for the
deposition of new bone. As the deposition takes place through osteoblast
activity, resorption of necrotic bone occurs through osteoclastic activity,
and the bone graft is slowly penetrated by vascular tissue. These
processes continue to occur until revascularization and deposition are
complete. The ultrastructural character of the bone graft (whether
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cancellous or cortical) has significance in determining the extent and man-
ner in which the graft is revascularized and incorporated into the host (120).

B. Cancellous Bone Graft Revascularization
and Bone Deposition

Cancellous bone grafts are revascularized more rapidly and completely
than cortical bone grafts (120-124). This is thought to occur due to the
large spaces between the trabeculae that permit unobstructed invasion of
vascular tissue. Osteogenic cells, brought in by the invading vessels, differ-
entiate into osteoblasts and deposit a layer of new bone around the dead
trabeculae. An osteoclastic phase then ensues, as osteoclasts enter and
resorb the entrapped cores of dead bone. The cancellous grafts are comple-
tely revascularized and replaced by new bone; these processes may take
weeks or months (120,124).

C. Cortical Bone Graft Revascularization
and Bone Deposition

In contrast, cortical bone graft revascularization proceeds slowly and
incompletely. Vascular invasion of cortical bone graft is thought to be lim-
ited, due primarily to its dense lamellar structure that constrains vessels to
invading the graft along the preexisting haversian and Volkmann’s canals
(120). The revascularization may also be hindered by the limited number of
endosteal cells that remain viable after transplantation. These cells are
thought to contribute to end-to-end vessel anastomoses during bone graft
revascularization (125). While cancellous bone grafts proceed with initial
osteoblastic activity, revascularization of cortical bone grafts proceeds with
initial osteoclastic activity. Osteoclastic enlargement of the haversian and
Volkmann’s canals must occur before vessels are able to penetrate the
graft. The course of revascularization begins at the graft periphery and
progresses to the interior of the graft (126). Osteoblasts are brought in
and deposit new bone, refilling the enlarged canal spaces. In cancellous
grafts, vessel invasion may begin within a few hours posttransplantation,
and the process is completed in a few days. In cortical grafts, the earliest
vessels enter the graft at 6 days, and the process of revascularization may
take months, often resulting in incomplete graft revascularization
(120,124). Incompletely revascularized regions of necrotic graft may persist
indefinitely, sealed off from the viable regions of the graft. The final
appearance of a cortical bone graft is often a patchwork of necrotic bone,
interspersed by areas of new bone. This admixture usually remains unal-
tered, even after a graft has become fully incorporated. Studies have
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confirmed that cortical grafts in the onlay position show only superficial
revascularization occurring in the first 10-21 days and central revascular-
ization by 8-16 weeks (127,128).

D. The Role of Osteoinduction and Osteogenesis
in Bone Grafts

Osteogenesis 1s the process that occurs when surviving osteogenic cells from
within the graft produce new bone. This mechanism of graft healing relies
on viable posttransplant osteogenic cells to become the source of new bone
formation. Although most cells within the graft die soon after transplanta-
tion, some surviving cells are believed to take part in osteogenesis. The
superior revascularization qualities of cancellous bone grafts are thought
to result in a greater proportion of posttransplant osteogenic cell survival
and, consequently, a greater degree of osteogenesis than in cortical bone
grafts. The local sources of cells partaking in osteogenesis are believed to
be the periosteum, endosteum, marrow, and intracortical elements. The role
of osteogenesis as a mechanism of new bone formation during nonvascular-
ized bone graft healing is thought to be of lesser significance than that of
osteoconduction. Although osteogenesis has a secondary role in the healing
of nonvascularized bone graft, it constitutes the primary mechanism of vas-
cularized bone graft healing. Cells within these grafts maintain their blood
supply and remain viable after transplantation.

Osteoinduction is the process by which active factors released from the
graft matrix stimulate cells from the host to form new bone. Osteoinduction
has been studied extensively; however, there is significantly less research
within the specific context of bone graft healing. Three phases of osteoinduc-
tion—chemotaxis, mitosis, and differentiation—have been described. In
response to a chemical gradient during chemotaxis, bone induction factors
direct the migration of cells to the area in which they are to be utilized. Fol-
lowing chemotaxis, these factors stimulate intense mitogenic.and prolifera-
tive activity in these cells; the cells differentiate into cartilage and become
revascularized by invading blood vessels to form new bone. Research on
osteoinduction during graft healing has demonstrated that chemical and
physical alterations to the graft, such as hydrochloric acid decalcification
and freezing, will decrease its osteoinductive properties (129,130). These
findings suggest that osteoinduction is most significant when freshly har-
vested bone grafts are utilized. Burwell suggested that osteoinductive factors
within a bone graft are released by the necrotic bone and marrow compo-
nents of the graft (129). The true mechanisms of osteoinduction during bone
graft healing are still unknown and may provide a fertile ground for new
research endeavors. Osteoinductive factors have been shown to be powerful
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stimulators de novo bone production in bony defect healing of animal
models; their potential applications in bone graft healing and incorporation
have yet to be exploited. Although the roles of osteoinduction and osteogen-
esis are thought to be of lesser significance than osteoconduction in nonvas-
cularized bone graft healing, these three processes are thought to be
intimately connected.

E. Remodeling of Bone Grafts

The mechanical environment of a bone graft affects its growth and morphol-
ogy. Normal skeletal bone has the ability to adapt to the physical stresses
that are placed upon it through the process of remodeling. Wolff’s law
was postulated in 1892 and is often summarized by the phrase “form follows
function” (131). Although the actual cellular mechanisms responsible for
regulating the remodeling processes are unknown, the macroscopic effects
of these processes are indisputable. It is reasonable to assume that bone
grafts are also subject to the influences of physical force and are remodeled
through their effects. Although Wolff s law was formulated more than a cen-
tury ago, and is accepted as one of the fundamental constituents of bone
physiology, direct data examining the significance of mechanical factors
on bone graft behavior are negligible. Rudimentary questions, such as the
mechanism, timing, and effect of mechanical stress, remain open.

F. The Current Science of Graft Survival

The ultimate fate of facial bone grafts has been studied extensively in the
surgical literature (129,132-138). Clinically, nonvascularized bone grafts
have been observed to decrease variably, maintain, or increase bone volume
after transplantation. Clinical and basic scientific research has also estab-
lished the inconsistent and significant resorptive characteristics of facial
bone grafts. The unpredictable nature of volume preservation represents
one of the main difficulties encountered by surgeons working with bone
grafts in the craniofacial skeleton. Parameters relating to volume and pro-
jection are important, since loss of either may have adverse functional
and aesthetic implications on the outcome of a surgical intervention. Litera-
ture on facial bone graft survival reveals that numerous factors are impor-
tant variables in the survival of the graft. They include the position (inlay
versus onlay), embryological origin (membranous versus endochondral),
microarchitecture (cancellous versus cortical), mechanical stress, recipient
site, method of fixation, graft orientation, presence or absence of perios-
teum, and rate of revascularization. The majority of these studies have been
performed in the context of nonmorselized onlay grafts.
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G. Embryological Origin, Microarchitecture,
and Graft Position

Clinical practice and literature concur that bone grafts from calvarial and
facial sites have a superior volumetric maintenance and survival over the
grafts from rib, tibia, or iliac crest (122,132-138). The search for an explana-
tion has been a succession of research, speculation, and controversy. In
1951, Peer found that grafts harvested from vomer, nasal, or ethmoid bones,
transplanted in contact with nonbony tissues (i.e., abdominal fat, intramus-
cular regions, and subcutaneous tissues), retained their normal bony
structure for up to 5 years, whereas rib, tibia, and iliac grafts were replaced
by fibrous tissue in 68 months (139). He postulated that facial bones that
lacked regenerative powers were endowed with a tenacious ability to
retain their structure, but he did not elaborate on the mechanism for his
hypothesis.

Smith and Abramson proposed two possible mechanisms for calvarial
bone graft’s volumetric superiority over iliac bone graft (140). They com-
pared calvarial bone grafts to iliac bone grafts in a rabbit model. After 1
year, the calvarial grafts had maintained their size and structure, while iliac
grafts had lost at least 75% of their original volume. They postulated that
mechanical stress was a key factor in graft survival, believing that iliac bone
required mechanical stress to maintain its morphology. After transplanta-
tion, loss of this stress led to resorption and poor volume maintenance when
compared to grafts from non-stress-bearing donor sites, such as the calvar-
ium. They also hypothesized that the microarchitecture of the bone graft
could account for these differences. They noted that iliac grafts had more
cancellous bone than calvarial grafts, and they hypothesized that the
increased cancellous component would lead to increased revascularization,
resulting in more resorption than calvarial bone grafts.

In an effort to explain the significant differences in graft survival
between cranial and noncranial sources, researchers recognized that the
embryological origins of these bones were different. Bones of membranous
origin (bones of the cranial vault and most of the facial bones) arise directly
from mesenchymal tissue, while bones of endochondral origin (the majority
of long bones and bones of the axial skeleton) undergo initial formation of
cartilage and then become ossified. Studies have shown repeatedly that
volume retention in membranous bone grafts in the onlay position is better
than in a similar graft harvested from an endochondral source (133-140).

In 1979, Zins and Whitaker published a study of bone graft survival
for a 20-week follow-up period, harvested from endochondral or membra-
nous sites (133). They found that membranous bone grafts had better
volume maintenance properties than endochondral bone grafts. From these
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and other results, they concluded that the membranous origin of a bone
bestowed it with superior volume maintenance. Their data were corrobo-
rated by previous research results and supported their hypothesis, but a spe-
cific mechanism to explain the “embryology hypothesis” was not given, and
the concept of an innate ability continued to be a matter of controversy.

In 1990, a study by Hardesty and Marsh found that calvarial grafts
preserved better than iliac grafts (137). They broached the concept of archi-
tecture having a role in survival by hypothesizing that the thicker cortex and
more stout trabeculae in a calvarial graft was more resistant to resorption
than the thinner cortex and trabeculae in an endochondral graft. Chen et
al. suggested that the embryological origin of the graft was significant only
in that it determined the relative proportions of cortical and cancellous bone
within the graft (127). They showed that the cancellous components of bone
grafts, regardless of the graft’s embroyological origin, had increased degrees
of revascularization and osteoclastic activity when compared to the cortical
components. They theorized that membranous bone grafts have better
volume maintenance properties because they have a large cortical and smal-
ler cancellous component than the endochondral grafts.

This ‘““ultrastructural hypothesis” had only circumstantial evidence
until 1998, when Buchman and Ozaki demonstrated that the microarchitec-
ture of a graft was the basis for volume maintenance (141). Their experi-
ments isolated the cancellous and cortical components from membranous
and endochondral graft sources. They demonstrated that there was a statis-
tically greater resorption rate in the cancellous endochondral bone graft
than in either endochondral or membranous cortical bone graft, but that
there was no significant difference in the resorption rates between the endo-
chondral and membranous cortical bone grafts. They believed cortical bone
to be a superior onlay grafting material, independent of its embroyological
origin. It is now generally acknowledged that the microarchitecture of a
bone graft is perhaps the most important determinant of graft volume main-
tenance. The embryological origin of a bone graft affects its behavior only to
the extent that it influences the proportions of cortical and cancellous com-
position within the graft.

While numerous studies have been conducted using onlay bone grafts,
few have examined graft survival in the inlays. In 1989, Whitaker noted that
interposition (i.e., inlay) grafts maintained volume and persevered signifi-
cantly better than onlay grafts and introduced the concept of biological
boundaries, hypothesizing that the body has genetically predetermined
boundaries that are inclined to remain constant (142). He asserted that
onlay bone grafts violated these boundaries, leading to resorption, while
interpositional grafts did not violate these boundaries, resulting in superior
volume maintenance. LaTrenta et al. reported that inlay bone grafts in a
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dog model maintained greater volume and weight than onlay grafts (143).
He cited favorable remodeling forces present within the inlay position as
the reason for the inlay graft’s greater weight and volume maintenance.
Rosenthal and Buchman performed a series of experiments observing the
survival patterns of cortical and cancellous bone grafts in the inlay position
in a rabbit model (personal communication). These experiments provided
significant findings regarding the behavioral differences of inlay versus onlay
grafts. Contrary to most previous onlay bone graft studies, this study
demonstrated that bone volume increases for inlay grafts at all time points.
The data also demonstrated that cancellous inlay bone grafts increased their
bone content to a significantly greater extent than the cortical inlay bone
grafts, regardless of their embryological origins. These results imply the
inlay bone grafts are superior in volume maintenance to onlay bone grafts,
and that cancellous inlay bone grafts increase bone content to a greater
degree than cortical inlay bone grafts.

The current science of bone grafts suggests that onlay and inlay bone
grafts behave differently, with inlay grafts showing superior volume mainte-
nance properties. There is evidence to support the notion that a cortical
microarchitecture is an important factor for the volume maintenance of
onlay grafts, while a cancellous mircroarchitecture may be more significant
for increasing bone content of inlay grafts.

H. Mechanical Stress in Bone Graft Incorporation

Several authors have noted the importance of mechanical stress in relation
to graft incorporation (128,140,141). Mowlem supported the notion
that different recipient sites had favorable and unfavorable mechanical stress
that would affect bone graft survival (144). Smith and Abramson argued
that lack of stress following transplantation was responsible for the resorp-
tion of grafts (140). LaTrenta et al. cited favorable remodeling forces as the
mechanism for improved weight and volume maintenance in inlay versus
onlay grafts (143). These hypotheses had only empirical support, based on
Wollff’s law; however, some more direct evidence has been reported. Recent
studies have noted that the adaptation of onlay and inlay bone grafts
became morphologically similar to the host site (145). Researchers have
used micro-computed tomography (micro-CT) to demonstrate that a bone
graft’s morphological structure recapitulates to its surrounding bony bed
over time. Through these studies, forces were implicated by computer-aided
mathematical analysis of anisotrophy and connectivity, giving supporting
data to the role of mechanical force in graft incorporation. Empirical and
indirect evidence has demonstrated the effect of force on bone graft remodel-
ing; research on the direct effects of mechanical stress on graft survival is
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limited. Mechanical force may have a profound influence on its volumetric
maintenance properties during early and late graft incorporation, just as it
has profound effects on normal skeletal bone. Further research in this area
and the cellular mechanisms of mechanotransduction is required to further
investigate the role of mechanical stress in bone graft physiology.

l. Rigid Fixation in Bone Grafts

The use of rigid fixation in fracture repair results in primary bone healing.
The benefits of rigid fixation in fracture repair include early ambulation
and more rapid and efficient bone healing. The effect of rigid fixation on
bone grafts is less definite and less well understood. Some data do indicate
that rigid fixation improves onlay graft survival when compared to bone
grafts without any fixation or with wire fixation only (135,143,146). These
studies found that there was a more rapid and greater extent of bony union
between graft and host when rigid, rather than wire, fixation was used. Lin
et al. noted that when onlay bone graft to the cranium was compared to the
femur, rigid fixation provided superior survival in areas that were subject to
high motion, shear, and torsional forces (femur), but provided no benefit in
areas of low motion (cranium) (146). They also found that membranous
bone survived better than endochondral bone and that rigid fixation could
improve endochondral bone survival to approximate nonfixed membranous
bone. The reasons believed responsible for improved survival with rigid fixa-
tion included increased primary bone healing and more rapid revasculariza-
tion by virtue of graft immobility. Phillips and Rahn believed that grafts
placed in areas of high motion resulted in a process analogous to a fibrous
nonunion in fracture healing (135) and led to bone graft resorption. In some
clinical circumstances, rigid fixation of onlay bone grafts is thought to pre-
vent resorption, loss of volume, and loss of projection. For example, rigid
fixation of a cantilever bone graft used for nasal reconstruction is thought
to improve graft survival over nonrigid fixation. These clinical observations,
along with previous studies supporting the notion that rigid fixation of bone
grafts improves the rate and effectiveness of graft healing, lend credence to
the use of rigid fixation in bone grafting. Further research should uncover
the specific principles that dictate when rigid fixation is best utilized.

J. Periosteum and Bone Graft Orientation

Preserving the periosteum on a bone graft during transplantation has been
shown to improve graft survival in the craniofacial region (132,147,148).
Thompson and Cass studied the effects of periosteum preservation in a
canine model and found that onlay bone grafts with retained periosteum
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showed improved volumetric survival over those without periosteum. They
stressed the importance of early revascularization for bone graft survival
and believed that the periosteum facilitated this process (132). Knize
reported similar results with onlay bone grafts in a rabbit model (147). He
emphasized the importance of the periosteum for its role in graft revascular-
ization and believed that the deeper level of periosteal cells was significant in
contributing to osteogenesis by transforming into osteogenic cells after
transplantation. Lozano et al. published a study comparing grafts with
and without periosteal preservation, placed either above or below the reci-
pient periosteum (149). They concluded that there was no difference in graft
survival or rate of revascularization between the four groups that were
examined. Their study was notable because it failed to find improved survi-
val or revascularization with periosteal preservation. Using rib grafts in a
canine model, Burstein et al. found that periosteal preservation significantly
enhanced new bone formation when compared with grafts without perios-
teum (148). They described three layers of the periosteum—an outer vascu-
lar network, with communications to the internal portions of the bone, a
middle layer of osteogenic reserve cells, and the inner cambial layer. They
proposed that bone graft revascularization was enhanced by means of the
outer periosteal layer and its direct connections to the interior of the graft.

Many of the same studies also investigated the effect of graft orienta-
tion. In 1970, researchers used corticocancellous onlay bone grafts without
periosteum, and placed the cancellous surface in contact with either the reci-
pient bone or soft tissue (132). They found that bone grafts had better sur-
vival when their cancellous surfaces contacted the bone, even though grafts
with cancellous surfaces facing the soft tissue revascularized sooner. These
results appear to contradict the hypothesized mechanism in periosteal pre-
servation, which asserts that improved revascularization improves graft sur-
vival. Similarly, Knize’s study in 1974 found that corticocancellous bone
grafts (with periosteum) survived best when the cancellous portion was
placed in contact with the host bone (147). Zins and Whitaker observed
the effect of graft orientation using (periosteum preserved) corticocancellous
iliac bone grafts in a rabbit model (133) and corroborated earlier findings by
demonstrating that grafts with cancellous surfaces placed in contact with
bone had increased volumetric survival. An additional study by Hardesty
and Marsh did not support previous findings on bone graft orientation
(137). They used onlay bone grafts in a rabbit model and found no relation-
ship with respect to graft orientation and survival, concluding that graft
orientation was not a factor in survival.

The literature confirms that the significance of periosteal preservation
and graft orientation on craniofacial bone graft survival remains controver-
sial. Preservation of periosteum may be a favorable factor for improved
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graft survival, although the mechanisms are not completely understood. The
role of graft orientation and its mechanism of action are still a matter of
debate, and further research of the two variables is warranted to isolate
the specific role and mechanism of action for each.

K. Bone Graft Recipient Site Physiology

The recipient site may have a profound effect on the outcome of graft heal-
ing and incorporation, and studies have demonstrated that grafts placed in
an avascular bed to not survive well (139); other factors at the recipient site
include prior irradiation, infection, and tissue scarring. Different sites of
transplantation have been shown to affect graft persistence. Although bone
grafts are usually placed in contact with bone, some studies have investi-
gated the effects of placing bone grafts in different tissue environments.
Ermis and Poole placed endochondral bone grafts in subcutaneous and
muscular pockets, and found that bone graft resorption was greater when
grafts were covered by muscle (150). They postulated that excessive graft
movement and increased revascularization from the muscle resulted in
increased graft resorption.

The site of a bone graft may affect its survival. In 1963, Mowlem
advanced the concept of orthotopic and heterotopic locations (144). A bone
graft placed in a defect normally occupied by bone is known as orthotopi-
cally transplanted; a graft placed in a site normally not occupied by bone
is heterotopically transplanted. Mowlem observed that orthotopic conditions
favor new bone formation and heterotopic conditions lead to resorption.
Enlow advanced another theory that implicated the bone graft recipient site
as a significant factor for graft survival (151). Through his theories of trans-
formative and translational growth in the craniofacial skeleton he asserted
that certain areas of the face remodel by bony deposition, whereas other
areas remodel by bony resorption. He believed that different aspects of bony
growth and remodeling in the craniofacial skeleton work together to create
the adult form. In an effort to extend Enlow’s theories of craniofacial bone
growth to craniofacial bone graft applications, Zins et al. performed experi-
ments that placed corticocancellous onlay bone grafts in resorptive and
depository fields of rabbits (152). Their results showed significant differences
in volume maintenance in accordance with the resorptive or depository nat-
ure of the recipient bed.

In 1989, Whitaker introduced the concept of the biological boundary
(142), which is an extension of Wolff’s law and Moss’ functional matrix
theory. Moss’ theory (153) states that as the craniofacial skeleton grows,
its soft-tissue environment may have a significant role in shaping its
morphology. The deformative effects on craniofacial growth in a child with
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congenital or acquired torticollis are examples of his theory in clinical prac-
tice. Whitaker applied Moss’ theory to bone grafts. He believed that the
body has predetermined physical boundaries that have a major role in bone
graft survival. He hypothesized that onlay grafts, by virtue of their position,
generally disturbed these boundaries and would elicit a response from the
body’s natural tendency to maintain the boundary by resorbing the graft.
Whitaker noted that inlay bone grafts did not disturb biological boundaries,
while basal bone advancements established new ones. Although his concepts
provided a consistent explanation for the behavior of craniofacial bone
grafts, Whitaker did not offer a mechanism for his theory, stating only that
these boundaries were genetically predetermined.

L. Discussion and Proposal of New Concepts
in Bone Grafting

A better understanding of bone graft physiology will result in more intelli-
gent grafting of facial bone. However, the multitude of factors purported to
be important for graft survival makes it difficult to obtain a “big picture”
view of graft behavior.

Accurate clinical predictors of nonvascularized bone graft survival in
the craniofacial skeleton may be related to the mechanical environment in
which a bone graft is transplanted and to the extent to which a bone graft
is revascularized. Numerous variables deemed important for bone graft sur-
vival may be reduced to an association with the recipient site’s mechanical
environment. They include graft position (inlay versus onlay), the concept
of depository/resorptive fields, biological boundaries, and recipient bed
environment. Similarly, many variables have a direct effect on bone graft
revascularization, including the recipient bed environment, graft position
(inlay versus onlay), graft microarchitecture (cancellous versus cortical),
presence of rigid fixation, and presence of periosteum. By distilling these fac-
tors into the two parameters—mechanical environment and graft revascu-
larization—a simple, logical, and consistent theory of bone graft behavior
may be formulated.

M. Mechanical Environment in Graft Survival

The mechanical environment of the graft recipient site is of paramount
importance to graft survival and that mechanical force influences bone graft
physiology in the same way as does normal skeletal bone. The recipient site
affects the mechanical environment of a graft by virtue of the tissue envelope
in which the graft sits. Onlay grafts within a tight tissue envelope will experi-
ence forces that are different from grafts within a loose soft-tissue envelope.
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Onlay grafts that underlie muscle (an example of a tight tissue envelope)
may be expected to encounter an increased magnitude of compressional
forces when compared to grafts transplanted within the subcutaneous tis-
sues. As a clinical example, onlay grafts placed under the temporalis muscle
invariably show significant resorption. The compressional forces in this
region may be significant in effecting graft resorption.

The position of the graft with respect to the surrounding bone (inlay or
onlay) is another factor that affects the graft’s mechanical environment.
Onlay bone grafts are placed in positions that are normally occupied by soft
tissues and therefore tend to stretch their soft-tissue envelope. Disruption of
the soft-tissue envelope generates recoil forces that act directly upon the
onlay bone graft. These “recoil” forces may be an essential component of
the mechanism that is responsible for the net resorption that occurs with
onlay bone grafts. Ozaki et al. noted that the top edges of onlay cortical
grafts circumferentially demonstrated preferential resorption (145). This
suggested an effect of the skin envelope’s recoil forces exerting pressure
and causing focal resorption at the points of contact with the graft. In con-
trast, inlay bone grafts reside in locations where bone is normally present. A
bone graft placed in an inlay position, does not result in the creation of
recoil forces because it does not affect the soft-tissue envelope. In addition
to being “shielded” from the recoil forces of the soft tissues, inlay bone
grafts benefit from receiving the physical stresses identical to those received
by the surrounding recipient bone bed. The absence of recoil forces and the
presence of these “functional” forces may act to bring about the graft sur-
vival that occurs with inlay bone grafts.

It is important to note that the forces acting on a graft vary by graft
position (inlay versus onlay), as well as the location of the recipient bed.
Two grafts placed in the same inlay or onlay position but in different loca-
tions in the craniofacial skeleton will not behave in the same fashion owing
to the differences in the mechanical environment at each location. The wide
variation of mechanical forces and their influence on bone grafts may repre-
sent a critical component in graft survival.

N. Revascularization of Bone Grafts

In addition to the concept that location and position may affect the nature
of forces a bone graft encounters, the ability of these forces to render
changes on the graft may be a second key component in graft behavior.
The ability of force to render changes in bone is a function of the effector
cells in the bone—the osteoblasts and osteoclasts. Therefore, the effective-
ness of force to make changes in a bone graft will be proportional to the
degree of osteoclastic and osteoblastic activity that occurs during graft
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healing. In turn, osteoclastic and osteoblastic activity is determined primar-
ily by the degree of revascularization, which in turn is dependent on the
environment of the recipient bed. Conditions that adversely affect revascu-
larization include presence of dead/necrotic bone, prior irradiation, pre-
sence of scarring, and presence of infection; the type of soft tissue that
overlies the graft may be another factor. The degree of vascularization of
a tissue envelope may affect the rate and extent of bone graft revasculariza-
tion. A study by Ermis and Poole notes that muscle coverage can result in
increased revascularization and serves as an example (150).

As stated previously, the microarchitecture of a bone graft has
profound implications on the rate and completeness of revascularization.
Cancellous bone grafts have been shown to revascularize quickly and com-
pletely, while cortical bone grafts revascularize slowly and incompletely.
Therefore, the microarchitecture of a bone graft determines the degree
of biological bone activity it will have. The position of a bone graft (inlay
or onlay) also affects its degree of revascularization. Inlay grafts have their
base and sides in contact with the recipient bed; an onlay graft has the
base only. Increased bone-to-bone contact provides more area for
graft/host interaction. Theoretically, this results in increased potential
for posttransplant cell survival and, therefore, increased osteogenesis. An
increased area of direct contact also results in increased potential for
osteoinduction and osteoconduction. In general, increased contact results
in more rapid and complete revascularization, resulting in greater biologi-
cal activity. Using the unifying concepts of revascularization and the
effects of mechanical force, the behavior of bone grafts can be explained
and even predicted.

O. Interaction of Mechanical Force and
Revascularization in Bone Grafting

The effects of revascularization and mechanical force establish fundamental
principles that have their origins in Wolff’s law; they may be used to explain
the phenomena observed in clinical practice and to unify apparent inconsis-
tencies in previous research. The difference in resorptive behavior of a
cancellous onlay bone graft (versus an onlay cortical bone graft) is its
greater capacity to remodel, by virtue of its more rapid and extensive
revascularization. A cancellous graft, placed in the onlay position, is subject
to recoil forces; in the face of the intense bone remodeling climate, resorp-
tion of the graft ensues. In contrast, when a cortical graft is placed in the
onlay position and is subject to the same recoil forces, its revascularization
proceeds more slowly and less completely. The graft has less osteoclastic
and osteoblastic activity, making it relatively unresponsive to the recoil
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stresses. A cortical graft in the onlay position, therefore, maintains its
volume better than a cancellous graft.

Inlay grafts have superior volume maintenance characteristics when
compared to onlay grafts. As mentioned previously, increased bone-to-bone
contact provides more area for graft/host interaction, resulting in greater
potential for revascularization, osteogenesis, osteoinduction, and osteocon-
duction. By virtue of its inlay position, the graft is shielded from the recoil
forces that an onlay graft experiences. Additionally, the mechanical forces
experienced by an inlay graft are physiologically reinforcing or “functional”
in nature. The combination of “functional”” mechanical forces and intensi-
fied osteogenic activity results in superior volume maintenance of inlay over
onlay bone grafts. In the early phases of bone healing, the mechanical effect
of the inlay position may be primarily shielding it from soft-tissue recoil
forces, while later in healing and incorporation, the functional forces exert
their remodeling effects. More investigation is required to corroborate or
refute these ideas.

The role of microarchitecture for graft persistence in the inlay circum-
stance is less well defined than in the onlay position. In a recently presented
study of inlay bone, no statistical difference was found in the final volume of
inlay cancellous bone graft when compared to inlay cortical bone graft. It
was found however, that the change in the amount of bone produced was
significantly higher in defects filled with cancellous bone grafts than in those
filled with cortical grafts. These changes were manifested in the thickening
of the trabeculae and obliteration of the interstices in cancellous grafts. It
was also noted that, over time, the cortical grafts became more porous
but the cancellous graft less porous in nature. It was suggested that the
effects of the surrounding physiological “functional” forces led both types
of graft to converge toward one phenotype in an effort to recapitulate the
recipient bed.

Although revascularization may be detrimental to graft survival in
some cases (e.g., onlay cancellous graft), the converse (i.e., absence of revas-
cularization) may result in graft resorption. Some authors have described a
type of graft resorption replaced with fibrous tissue that histologically
demonstrates the absence of osteoclastic activity (132,154). Absence of
revascularization leading to resorption through these nonosteoclastic
mechanisms might be used to explain the resorption of bone grafts placed
in the abdominal wall, as seen by Peer (139), since a source of osteoclasts
in the abdominal wall region would be difficult to explain. Although cortical
bone graft contains regions of nonrevascularized necrotic bone that remain
indefinitely after incorporation, these areas are sealed off with viable bone,
which may prevent resorption through these nonosteoclastic mechanisms.
Lack of revascularization may be the basis for Lin’s results in his study that
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demonstrated the effectiveness of rigid fixation for bone graft survival in
areas of high motion (146). High motion may have prevented the invasion
of blood vessels resulting in significant resorption through nonosteoclastic
mechanisms. Rigid fixation could prevent this disruption and promote
revascularization as the mechanism of improving bone graft survival.

These unifying concepts may be used to explain the theories of biolo-
gical boundaries and resorptive and depository fields, espoused by Whitaker
(142) and Enlow (151). Whitaker states that interpositional grafts survived
well, as did onlay grafts, when used to correct a disruption of the bony sur-
face by trauma or tumor resection. These results may reflect the fact that
these grafts were essentially used in an inlay position. Although his observa-
tions regarding the behavior of bone grafts were accurate, his explanation
for biological boundaries proposed a genetically predetermined innate abil-
ity for the body to maintain ““boundary homeostasis.”” The concepts of func-
tional mechanical force and revascularization offers a mechanism that may
help to explain his concepts in terms of mechanical force and remodeling
activity.

Enlow’s theories of resorptive and depository fields (151) may also be
explained through mechanistic concepts. Results from an earlier publication
by Zins et al. examining the effect of these fields showed that identical bone
grafts, differing only in positions on the face, could have different graft beha-
vior (152). They used a rabbit model and placed grafts at the mandibular
ramus, body, and dorsal surface of the snout. It is interesting to note that
the (resorptive) region at the mandibular ramus correlates with the area that
the masseter muscle overlies, and that the (depository) region of the snout
correlates with the absence of compression from overlying soft tissue or
muscle. The differing mechanical forces in these regions, caused by the differ-
ing overlying soft tissues, may have had a role in their findings. In an earlier
study, researchers demonstrated that grafts survived better when placed on
the maxilla than on the mandible (132). Again, differences in soft tissue and
their forces at the maxillary and mandibular regions may have had a role in
these results. Recent findings support the notion that grafts placed submus-
cularly demonstrate increased local resorptive and remodeling activities
compared to grafts placed in a subcutaneous pocket (155).

When the soft-tissue envelope is altered, one might expect that the
forces it exerts on an onlay graft may be altered. A study by Goldstein
et al. (156) utilized supraperiosteally placed tissue expanders to alter the
recipient bed. They placed rigidly fixed membranous bone grafts under
the expanded soft tissues and demonstrated increased survival of these grafts
when compared to grafts placed in nonexpanded sites. Goldstein et al. pos-
tulated that an increase in recipient bed vascularity was a reason for the
results. Although this may be true, their results also support our hypothesis
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that mechanical forces are an important component in bone graft survival.
It is possible that the alterations of the soft tissue led to decreases in the soft-
tissue tension that resulted in alteration in graft volume.

P. Summary of Bone Grafting

Bone grafts are the building blocks of the craniofacial surgeon. To use bone
grafts optimally, a clear understanding of graft physiology and the current
scientific research is required. An analysis of the basic science currently
available on facial bone grafts has demonstrated that numerous factors
may impact on bone graft healing and incorporation. Many of the pre-
viously studied factors affecting bone graft healing may be condensed to
the bone graft’s mechanical environment and degree of revascularization.
These concepts are based on the knowledge accumulated from clinical
and basic scientific research and must be further critically assessed. Just as
bone is a dynamic entity that continually regenerates and redefines itself,
the ultimate test of validity for these and other concepts will be continual
scientific examination, evaluation, and reexamination.

V. CONCLUSION

The study of fracture healing and bone grafting continues to provide novel
insights into every aspect of bone growth and repair. Biochemical and
molecular studies have given impetus to pioneering clinical trials that
may revolutionize treatment of fractures in the future. In addition, the bru-
geoning research regarding biophysical aspects of fracture repair is result-
ing in elucidation of many fundamental mechanobiological mechanisms
that allow adaptation to physiological stimuli. Bone regeneration continues
to be a challenging field of study that will require continued sustained
effort to illuminate many of the most fascinating processes of the human
body.
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. INTRODUCTION

In this chapter, we present the hypotheses and current research that have
furthered our knowledge of the molecular and cellular mechanisms that gov-
ern fracture healing. Our purpose is to integrate animal and human data to
present the biological basis for successful and unsuccessful fracture healing.
By developing a dynamic biological blueprint for angiogenic and osteogenic
cascades, we hope to begin to anticipate complications, learn to improve
patient outcomes, and drive research in new directions.

To date, most of the fracture-healing benchwork has been performed
on endochondral bone and we will reference this work as a foundation for
current/future studies in the intramembranous craniofacial skeleton. It is
important to note that disparities may exist in endochondral and intra-
membranous fracture-healing cascades, so results from the long bones
may not, for example, be directly translated to the craniofacial skeleton.
This brings up a critical point: do endochondral and intramembranous
fracture healing share ontologically conserved common final pathways?
While there the obvious differences in endochondral and intramembranous
bone development, evidence suggests that there is astounding conservation
in their molecular and cellular repair mechanisms. While this conservation
provides the foundation for general endochondral to intramembranous
fracture healing extrapolation, more research is still needed to validate this
point.
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Understanding the molecular and cellular events leading to intramem-
branous fracture healing has important clinical implications as it is a funda-
mental step toward the evolution of targeted therapeutic interventions
designed to accelerate osseous regeneration. Indeed, the development of
novel recombinant proteins, gene and cellular transfer techniques, mini-
mally invasive approaches, and the identification of objective endpoints will
propel the field of craniomaxillofacial fracture repair, reducing compli-
cations (e.g., infections and nonunions) and optimizing patient outcomes.

Il. THE FRACTURE HEALING PROCESS

There are two types of fracture healing: primary (direct) fracture healing and
secondary (indirect) fracture healing. Primary fracture healing occurs with-
out intermediate callous formation. Both cancellous and cortical bone will
heal primarily when rigid fixation assures minimal interfragmental move-
ment (1,2). Primary fracture healing can be subclassified into contact healing
and gap healing (3-5). Contact healing leads to lamellar bone formation
across the fracture line via direct extension of the osteons (6). Gap healing
occurs when the intercalary space cannot be bridged directly with lamellar
bone; therefore, a provisional woven bone interstage develops until re-
modeling produces mature bone (6). Unlike secondary healing, primary
fracture healing does not have distinct remedial stages.

Secondary fracture healing commonly occurs when severe injury or
comminuted high-energy fractures limit fixation; consequently, these
resilient fractures heal through a callous intermediate. Secondary fracture
healing can be divided into four stages: (1) inflammatory phase with
hematoma formation; (2) proliferation phase with soft callous formation;
(3) modeling phase with hard callous formation; and (4) remodeling phase
with sustained bone turnover (7). Since both primary and secondary healing
can result in successful fracture repair, it should be emphasized that primary
fracture healing is not equated with early healing and secondary healing
is not delayed.

Successful fracture healing is a unique form of wound healing.
Unlike soft tissue, successful fracture healing produces scarless regenerate
bone that is architecturally, histologically, and mechanically indistinguish-
able from native bone (6). However, the conditions required for successful
fracture repair are not always present; therefore, surgeons must learn to
anticipate delayed unions, malunions, or nonunions. Delayed union, also
known as slow union, occurs when the fracture-healing process extends
over an abnormally long period of time. Marsh, correlating his material
testing data with histological analysis of fracture healing, described a
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delayed union as a fracture that fails to achieve normal histology and a
bending stiffness of 7N/m? within 20 weeks (8). While delayed unions
eventually heal, the long-term care and rehabilitation of these problematic
fractures is a significant bio-medical burden (9,10). Malunion refers to
fracture healing with angular and/or translational deformation in one or
more planes (including foreshortening). Long-bone malunions commonly
cause loss of intra-articular congruity (7). Nonunion is the cessation of
the fracture-healing process without bony bridging of the fracture gap.
While nonunions are commonly defined as fractures that do not sponta-
neously heal in the experimental animal’s or patient’s lifetime, Marsh
defined nonunions as fractures that never achieve normal histology or a
bending stiffness of 7N/m2 (8). In practice, nonunions are fractures that
do not heal after the first intervention and require a secondary procedure.
Finally, nonunions may be described as hypertrophic, atrophic, or fibrous,
and they may cause pseudarthroses.

lll. TISSUE DIFFERENTIATION THEORY

We have attempted to categorize the cascading events that affect fracture
repair into boundary parameters to describe the interrelationship of the
convergent molecular and cellular tributaries that nourish the fracture
microenvironment. Understanding the parameters that influence successful
and unsuccessful fracture healing may help us envisage novel ways to
intervene to optimize fracture repair. We use a triangular model based
on conventional tissue differentiation theory to unite the components of
the fracture microenvironment (Fig. 1). The three main components of
the fracture triangle are: (1) mechanical loading history (stress and strain);
(2) angiogenesis (new vessel formation); (3) osteogenesis (new bone forma-
tion). The complex interactions between each component of this triad
guide the fate of the tissues at the fracture site and, ultimately, determine
successful or unsuccessful healing.

To discuss the effects of fracture microenvironment biomechanics on
tissue differentiation, we first define a few basic engineering terms. Bone is
a biphasic (mineral and ground substance) composite material with visco-
elastic properties (11). Bone has inherent time-dependent deformational
properties that are related to the rate of loading, hysteresis, creep, and stress
relaxation (11). Three types of loads may act on the fracture microenviron-
ment: fension forces, compression forces, and shear forces. Since stress is
defined as load per unit area, these forces when analyzed per unit area
become the three principal stresses: tensile stresses are generated in response
to loads that pull an object apart, compressive stresses push objects together,
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Figure 1 Triangular relationships between mechanical loading, angiogenesis,
and osteogenesis during fracture repair. Mechanical loading (stresses or strains)
is imposed on the regenerative tissue in the fracture gap. This mechanical loading
activates transcription pathways (mechanotransduction) that result in angiogenic
and osteogenic cytokine and growth factor production and release. In addition,
mechanical loading has direct physical effects on angiogenesis. The relationship
between angiogenesis and osteogenesis is mutual. Each affects the other by
altering matrix deposition and the mechanical loading environment. There are
many individual factors that affect each component of the triangle.

and shear stresses deform or separate objects by sliding molecule layers past
each other on one or more planes. Strain is the deformation of an object in
response to an applied load. Using these basic biomechanical engineering
terms we can discuss tissue differentiation theory.

Pauwels, based on ideas originated by Roux and Benninghoff,
hypothesized that intermittent mechanical stresses guided tissue differentia-
tion (12-14). Since then, many have investigated the relationships between
mechanical forces and cellular differentiation. For example, Perren et al.,
using a long-bone model, demonstrated that intercalary forces influenced
the fate of fracture healing (15,16). Then, in a series of pioneering studies,
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Dennis Carter’s group applied tissue differentiation theory to skeletal tissue
regeneration by linking the mechanical loading history with cellular differen-
tiation (Fig. 2) (17-21). Carter highlighted the importance of cyclical
mechanical loading history on tissue differentiation and developed a method
to calculate the local stress-and-strain history (17-21). Their model predicts:
(1) low stress-and-strain environments promote direct intramembranous
bone formation; (2) poor blood supply favors chondrogenesis in an other-
wise osteogenic environment; (3) hydrostatic compressive stress encourages
chondrogenesis; (4) high tensile strain tips the balance in favor of net deposi-
tion of fibrous tissue; and (5) hydrostatic compressive stress superimposed
on tensile strain produces fibrocartilage. Carter showed that mechanical
forces not only determine early tissue differentiation, but also affect the rate
of bony remodeling. For example, intermittent compressive stress may slow
or stop endochondral ossification, but intermittent octahedral shear stress
(or stain) will accelerate ossification (22,23).

Principal Tensile
Strain History
[

Fibrocartilage

~ Fiwous
-~ Tissue

—}~ Tension Line -

E - r)- (:,. Y ) ( °
§ ::;1— < & & g -.‘.'--C Z
Cartilage E o Bone o
wf, P “ o
= P Hydrostatic
Ll B > St
- - > ress
(-) Compression<— Q—Tension (+) .
History

Figure 2 Carter Phase diagram. Loading history has important implications for
tissue differentiation. With low strain and low tensile stress, bone will form. If the
strain increases beyond a certain level, even with the same tensile stress, fibrous
tissue will form. In general, compressive stress will promote chondrogenesis. Low
strain levels favor cartilage formation, while a high-strain environment will lead to
fibrocartilage formation. (Adapted with permission from Ref. 22)
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A. Mechanical Loading and Angiogenesis

Mechanical loading, or mechanotransduction, affects angiogenesis on at
least three levels: (1) tissue (e.g., pressure gradients, distortion, energy dissi-
pation); (2) cell (e.g., cell shape changes, cell pressure, local oxygen tension,
effects on extracellular matrix (ECM), temperature changes, and electric
potential); and (3) subcellular (e.g., cytoskeletal changes, integrin expres-
sion, growth/transcriptional factor production, stretch-activated ion chan-
nels). We hypothesize that mechanotransductive signaling must act locally
on established vasculature (neoangiogenesis) and/or initiate signaling cas-
cades to attract bone-marrow-derived/circulating angioblasts (neovasculo-
genesis) to mediate successful facture healing (24-30).

Stresses and strains can support or physically disrupt the neovascu-
lature. For example, micromotion stimulates new vessel formation, but
excessive motion (gap strain >15%) prunes budding capillaries (31,32).
In our rat distraction osteogenesis (DO) model, successful DO (bony
union) experienced average daily strains of 9-12%, while unsuccessful
DO (fibrous union) experienced stains level more than 400% initially,
which ultimately led to nonunions (E. Loboa, personal communication,
2002) (33). Moreover, since capillary hydrostatic pressure is only 0.0023
MPa, even small amounts of tissue hydrostatic pressure can compress
the microvasculature and compromise blood flow (34). In addition to
the physical effects on blood vessel formation or blood flow, cells may
directly translate mechanical signals into neoangiogenic cascades by
producing angiogenic factors (e.g., VEGF) of upregulating angiogenic cell
surface proteins (e.g., Flk-1/FlIt-1 or avfB3/BS5) (35-37). Fracture site
mechanical stimuli have profound effects on angiogenesis, and angiogen-
esis temporally and spatially precedes osteogenesis; the direct link between
angiogenesis and osteogenesis is described below.

B. Angiogenesis and Osteogenesis

Today, many studies have demonstrated that blood flow increases
during fracture healing. In a rat femoral fracture model, Grundes and
Reikeras found that there was more than a 10-fold increase in blood flow
in the fracture callus 4 weeks after osteotomy (38). Using an iatrogeni-
cally manipulated form of fracture healing (i.e., distraction osteogenesis)
to illustrate the magnitude of new vessel formation during fracture heal-
ing, Aronson demonstrated that there was a peak 8.5-9.5-fold increase
in blood flow to the distracted segment (i.e., osteotomized) bone within
2 weeks of osteotomy and bone lengthening. This dramatic hyperemia
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persisted throughout the consolidation and remodeling period (39). We
have found similar results in the craniofacial skeleton. In our rat man-
dibular distraction osteogenesis mode, Rowe et al. demonstrated intense
neovessel formation during the early time points of distraction that was
decreased but remained at high levels throughout distraction and conso-
lidation (40).

Although the increase in blood flow during fracture healing and dis-
traction osteogenesis was likely due to new blood vessel formation in the
intercalary gap, there was no evidence to support this supposition. More-
over, there was no direct evidence to link angiogenesis to osteogenesis. How-
ever, in 2001, using TNP-470, a potent angiogenesis inhibitor, Hausman
et al. demonstrated that successful angiogenesis was a prerequisite for suc-
cessful osteogenesis. The authors used plain film, mechanical testing, and
histology to compare control and TNP-470-treated femoral fracture healing
over 24 days. Interestingly, all TNP-470 treated animals had roentgeno-
graphic evidence of nonunion, which was confirmed by histology to be
atrophic nonunion. Furthermore, the TNP-470-treated fractures recovered
only 16% of normal strength and 7% of normal stiffness. In contrast, control
fractures recovered 56% and 48% strength and stiffness, respectively.
The authors concluded that antiangiogenesis therapy inhibited both intra-
membranous and endochondral osteogenesis and angiogenesis was essential
to both bone formation pathways (41).

While the preceding study convincingly demonstrated that new vessel
formation is essential for successful fracture healing, the origin of the
endothelial cells in the nascent fracture vasculature remains debatable. Tra-
ditionally, we have assumed that the fracture microenvironment stimulates
the sprouting of new capillaries from pre-existing vessels. Accordingly, local
endothelial cell proliferation, migration, and remodeling hypothetically lead
to wound revascularization. More recent work suggests that bone-marrow-
derived angioblastic cells can traffic to healing wounds (27-30). These star-
tling reports suggest that postnatal neovasculogenesis may be naturally
occurring during normal wound healing; however, more evidence is needed
to support this idea.

If bone-marrow-derived angioblastic cells traffic to healing wounds,
can osteoblastic cells traffic? In 1999, Hou et al. reported that bone-
marrow-derived osteoblastic precursors engraft at osseous sites following
intravenous administration (42). Taken together, these findings rouse an
intriguing way of conceptualizing fracture healing: the fracture micro-
environment must contain (or be manipulated to contain) the appropriate
molecular and cellular milieu to attract local and systemic angioblastic,
osteoblastic, and mesenchymal cells necessary for successful angiogenesis,
osteogenesis, and fracture healing. While further work is still needed, we
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can look forward to a series of insightful studies that will either prove or
disprove this exciting new hypothesis.

IV. SYSTEMIC FACTORS AFFECTING FRACTURE HEALING
A. Age

Children have a greater capacity to heal fractures than adults. For example,
a displaced femoral fracture in a 3-year-old often heals within a month,
while it takes a 70-year-old more then 5 months to heal the same fracture
(6). Age-specific healing is even more dramatic in the craniofacial skeleton.
For example, total calvariectomies will completely reossify in children
younger than 2 years, but even a cranial burr hole usually will not heal in
an adult (43).

Why are there dramatic differences between juvenile and adult fracture
healing? Anatomically, children have a thicker, more cellular and vascular
periosteum than adults (44-47). While the periosteum may be critical for
rapid fracture healing in the young, other factors are certainly involved.
Bone marrow cellularity and function decline with age (48-50). This decline
may reduce the number/function of marrow-derived osteoblastic and angio-
blastic precursors and contribute to slower healing in the adult. Further-
more, our laboratory has recently demonstrated marked differences in
juvenile and adult osteoblast biology (C. Cowan, personal communication,
2002) (51). For example, we have found that juvenile osteoblasts proliferate
more rapidly and produce greater amounts of osteogenic proteins at base-
line and when stimulated with osteogenci cytokines, such as fibroblast
growth factor-2 (FGF-2). We have learned that as osteoblasts age they
express more antiproliferative factors (i.e., Tob and PC3) that may be pri-
marily responsible for impairing their response at the fracture site (51).
Furthermore, adult osteoblasts are more differentiated [high fibroblast
growth factor receptor-1 (FGFR1)] and less proliferative [low fibroblast
growth factor receptor-2 (FGFR2)] than juvenile osteoblasts. Finally, even
after treatment with FGF-2, adult osteoblasts cannot increase their expres-
sion of genes necessary for bone formation [e.g., osteopontin (OP)] (51).

Why are there more dramatic age-dependent differences in the calvar-
ium than, for example, in the long bones? We feel some answers may relate
to the anatomy (and paracrine signaling) of overlying cranium and underly-
ing dura mater. Our laboratory has demonstrated that in addition to effects
on osteoblast biology, age dramatically affects underlying dura mater
biology (52,53). By comparing juvenile (6-day-old) and adult (60-day-old)
Sprague-Dawley rat nonsuture associated dura mater, we demonstrated
that not only was the juvenile dura mater producing significantly more

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



Optimizing Bony Repair 145

osteoinductive growth factors [e.g., transforming growth factor-beta (TGF-
B1)] and FGF-2 and primary extracellular matrix scaffolding proteins (e.g.,
collagen I), but it was also expressing markers of the osteoblast lineage
(osteocalcin), suggesting that juvenile dura mater may contain a subpopula-
tion of cells with an osteoblast-like phenotype. This osteoblast-like subpo-
pulation appears to be severely attenuated in adult dura mater.
Collectively, these studies suggest that juvenile dura mater expresses critical
levels of osteoinductive paracrine factors and may supply sufficient osteo-
blast-like cells to orchestrate successful calvarial reossification. While we
cannot change the age of a patient, we have tried to determine if we can turn
back the “biological clock™ to improve local fracture healing in the adult
(see “Viral Vectors,” Sec. IX. A).

B. Nutrition Status

Both preoperative and postoperative nutrition can affect fracture healing
(54). Nutrition may have an enormous impact on fracture healing because
the complex cascades (i.e., osteoblast, endothelial, and inflammatory cell
proliferation, migration, and matrix biosynthesis) that mediate successful
healing require tremendous energy. For exampled, simple long-bone-frac-
ture repair increases a patient’s metabolic expenditure by 25%, but repair
of a comminuted infected fracture, irrespective of other injuries, can increase
metabolic demand by 55% (54-56). In addition to supplying fuel for cellular
machinery, good nutrition provides trace elements (e.g., calcium, zinc, and
phosphorus) that are essential for callous formation, collagen cross-linking,
and mineralization (57).

C. Diabetes Mellitus

Diabetes mellitus (DM) impairs wound and fracture healing (58). the effects
on fracture healing may be due to inhibition of angiogenesis and, conse-
quently, osteogenesis. While DM compromises tissue perfusion at baseline,
untreated and poorly controlled DM compromises callous maturation and
fracture healing (58). For example, Gooch et al. demonstrated that, in addi-
tion to adversely affecting endothelial biology, elevated blood glucose
impairs the conversion of collagen production in chondrocytes from type
IT to type X (59). This suggests that DM prevents chondrocyte maturation
and fracture healing (59). Funk et al. also showed that even if a fracture does
heal despite elevated blood glucose, diabetic rats exhibited inferior healing
compared to control animals (60). For example, torque failure, stress fail-
ure, structural stiffness, and material stiffness of healed DM femur fractures
were significantly less (*p < 0.05) than healed control femur fractures (60).
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Moreover, the healing rate in diabetic animals was significantly delayed (60).
When DM animals were treated with insulin to control blood glucose, DM
healing rates and mechanical strength returned to near-normal levels, sug-
gesting that tight blood sugar control dramatically improves fracture heal-
ing (58). It is important to note, that it is not clear whether the fracture
healing augmentation observed with tight glucose control was due to
decreasing blood glucose level (and, consequently, improved endothelial,
chondrocyte, and osteoblast biology) or the direct pro-osteogenic effects
of insulin (see below).

D. Hormonal/Metabolic Factors

Many hormones and metabolic factors are pro-osteogenic. For example,
growth hormone (GH), thyroid hormone, vitamin A, vitamin D, andro-
gens, calcitonin, parathyroid hormone (PTH), insulin-like growth factors
(IGF), and insulin stimulate new bone formation (61,68). Conversely,
some hormonal/metabolic factors (e.g., corticosteroids) can impair frac-
ture healing (69-71). How exactly do hormones affect fracture healing?
The answer is unclear, but different hormones, presumably, act through
different mechanisms. For example, vitamin D; seems to affect fracture
healing by regulating mineralization (6), while corticosteroids adversely
affect healing by inhibiting osteoblast differentiation and decreasing
matrix synthesis (69,71). Clinical observations suggest that hormone levels
tend to affect the rate of fracture healing and, therefore, may account for
delayed unions; however, hormone levels are rarely responsible for non-
unions (6).

E. Smoking

Smoking profoundly impairs fracture healing by causing both delayed
unions and nonunions. For example, Schmitz et al. demonstrated that
smoking significantly delays tibial fracture healing (62% longer in the smok-
ing patients than the nonsmoking patients) (72). Cobb et al. found that the
relative risk of nonunion in the patients who smoke was 3.5-16 times that of
the patients who did not smoke (73). In studies of craniofacial fractures,
Haug and Schwimmer analyzed 27 nonunions out of 704 mandibular frac-
tures, and found 41% of the nonunions were associated with smoking (74).
Furthermore, Brown et al. demonstrated that smokers were 5 times more
likely to develop pseudarthrosis than nonsmokers (75). Brown et al.
suggested that the elevated pseudarthrosis rate was due to lower peripheral
oxygen saturation and, consequently, lower tissue oxygen delivery in
smokers (75).
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Most research is in agreement with Brown’s hypothesis: carbon mon-
oxide displaces oxygen from hemoglobin, reducing oxygen saturation and,
in turn, oxygen content (Ca0O,). However, in addition to decreasing CaO,,
cigarette smoke compromises local circulation by causing profound vaso-
constriction (76,77). Equally important, cigarette smoke may impair frac-
ture healing by directly inhibiting neoangiogenesis (78-80). With our new
understanding of the importance of postnatal neovasculogenesis, we would
predict that smoking may also impair bone-marrow-derived angioblasts
trafficking to sites of fracture healing (81). Finally, cigarette smoke has been
shown to directly inhibit osteoblast differentiation and may even increase
osteoblast apoptotic rates (82). Collectively, there is strong evidence to
conclude that smoking impairs fracture healing by compromising both
angiogenesis and osteogenesis.

V. LOCAL FACTORS AFFECTING FRACTURE HEALING
A. Oxygen Tension

Oxygen plays an important role in fracture healing. Normal oxygen tension
(pO,) in bony tissues is about 150 mm Hg. The oxygen-carrying capacity
of blood (i.e., Ca0,) is determined by the hemoglobin concentration (Hb),
the oxyhemoglobin saturation (Sa0O,), and the partial pressure of oxygen
dissolved in the blood (PaO»,).

Ca0; = ([Hb] x 1.34 x Sa0;) + (0.003 x PaO,) (1)

Vascular disruption secondary to fracture creates a hypoxic gradient
of injury wherein the pO, at the center of the wound is very low (38,83-
86). The depth of the pO, nadir is related to the severity of the bony and
soft-tissue vascular disruption (38,83-86). In vivo this hypoxic, high-lactate,
low-pH fracture microenvironment induces the transcription of a number of
genes necessary for fracture repair (87,91). Moreover, the milieu promotes
inflammatory cell, fibroblast, endothelial cell, and osteoblast chemotaxis
and activation (88,90,92). For example, in our laboratory, we have demon-
strated that hypoxia increases osteoblast vascular endothelial growth factor
(VEGF), IGF-2, TGF-B1 TGF-p type I receptor, and collagen I and III
expression while it simultaneously decreases the expression of tissue
inhibitor of metalloproteinase-1 (TIMP-1) (93-97). Moreover, we have
found that hypoxia regulates osteoblast proliferation and differentiation
(94). Taken together these data suggest that hypoxia induce osteoblast-
derived growth factors and ECM molecule expression that, we hypothesize,
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are important for initiating early genetic/cellular cascades that eventually
lead to successful fracture healing.

While we have limited our discussion of hypoxia to osteoblast biology,
the effects of oxygen tension on other cell types should not be overlooked. In
particular, oxygen tension has profound effects on angiogenic and osteo-
genic stem cell differentiation/function. For example, in a low-oxygen enviro-
nment, osteoblastic precursors are shunted down chondrogenic pathways,
which impairs or delays fracture healing (98-101).

B. Blood Supply

Re-establishing an adequate blood supply is essential for successful fracture
healing. Injury-mediated vascular disruption with inadequate vascular
restoration (e.g., aged, nutritionally depleted, diabetic, smoking patients)
leads to delayed unions and nonunions (102). While all fractures cause local
vascular injury, soft-tissue loss, and hematoma formation, high-energy
degloving fractures often lead to large-volume tissue necrosis, substantial
vessel thrombosis, and profound local hypoperfusion. How do fractures,
including the devastating high-energy fractures, successfully recruit a new
blood supply? Does the fracture microenvironment (hypoxia, lactate, pH)
simply call out to local and systemic angioblastic cells? The answer is
unknown, but successful angiogenesis remains intertwined in successful frac-
ture healing. Study after study illustrates that new blood flow permits new
bone formation in fracture-healing models. For example, in tibia fracture
models, ligating two of the three lower-leg vessels decreases perfusion and
increases delayed unions by 30% (103). Moreover, many vascular watershed
bony areas such as the femoral head, proximal pole of the scaphoid, distal
tibia, and talar body are particularly vulnerable to postfracture avascular
necrosis and impaired healing (6).

Still, the mechanism for new vessel ingrowth remains elusive. We
know that mechanical loading promotes neoangiogenesis in long-bone frac-
ture-healing models, but we do not know how (104,105). Do microenviron-
ment stimuli attract local medullary microvascular endothelial cells and
pericytes or bone marrow-derived precursors (27-30,90)7 Do fractures with
larger intercalary gaps demand more mesenchymal cell trafficking to
establish new blood flow? Does profound interruption of the local blood
supply impede the migration of pluripotential cells (84,85). Will adoptive
angioblastic therapy or bone marrow stimulation improve fracture healing?
Fortunately, craniofacial bone is well perfused with an elaborate collateral
soft-tissue vascular network; however, to reduce out fracture complications,
we must learn from the appendicular paradigm and conduct new hypoth-
esis-driven craniofacial bony research.
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C. Infections

Soft-tissue or bony infections (osteomyelitis) can lead to delayed unions and
nonunions. Reviewing over 1400 mandibular fractures, Mathog et al.
demonstrated that 72% (18 out of 25) of nonunions were associated with
osteomyelitis (106). Infections increase local energy expenditure, expand
the penumbra of normal tissue necrosis, and contribute to small-vessel
thrombosis (6,107). Infections can also directly inhibit osteoblast prolifera-
tion and lead to fibrous union (106).

D. Fracture Gap Apposition

As the length of the intercalary fracture gap increase, the risk of delayed
unions and nonunions increases (108—111). To investigate this phenomenon,
researchers have used critical size defect (CSD) fracture-healing models.
When the gap size is small, the healing rate is inversely proportional to
the intercalary distance (Fig. 3). As intercalary distance increases to subcri-
tical levels, delayed unions begin to occur more frequently. Finally, as the
intercalary fracture gap reaches a critical distance (i.e., CSD), the fracture
will no longer heal during the lifetime of the animal or, more precisely, dur-
ing the period of investigation (110). For example, using a sheep metatarsus
fracture model, Claes et al. investigated how the intercalary distances and
interfragmental movement affected the fracture healing. Three different sizes
of intercalary distance (1, 2, and 6 mm) were created, and applied with 7% or
31% interfragmental strain, respectively. The callouses of the metatarsus
were evaluated radiographically and the regenerative strengths were evalu-
ated using three-point bending test 9 days after the surgery. They found that
there were significant reductions of the bending stiffness with increased size
of the gap (from 1 to 6 mm). As gap sizes increased beyond 2 mm, the frac-
tures became more susceptible to interfragmental movement and strain;
there were no proportional increased callous volumes with increasing strain
level. The larger gaps impair new-vessel intercalary bridging and this, of
course, impairs new bone formation (110). In addition, we hypothesize that
larger-size gaps may exceed the supply of angioblastic and/or osteoblastic
precursors or the center of larger gaps may simply exceed the maximal dis-
tance that precursor can migrate from the bone edges or surrounding tis-
sues. Moreover, larger gaps are associated with larger intercalary strain
(more than 15%) (31); therefore, mesenchymal precursors may be forced
to differentiate into fibrous tissue or fibrocartilage, setting up conditions
for nonunion formation (see Fig. 2). Finally, larger interfragmental gaps
are almost always associated with disruption of the periostium. Loss of peri-
osteal continuity allows the soft tissues to move into the fracture gap and
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Figure 3 Idealized representation of the fracture healing—intercalary gap
dynamic. When the gap size is small (e.g., Kerf of an osteotomy or nondisplaced
fracture), the healing rate is inversely proportional to the intercalary distance (Lin-
ear Zone). As intercalary distance increases (e.g., displaced fracture), delayed
unions begin to occur more frequently (Subcritical Zone). Finally, as the intercalary
fracture gap reaches a critical distance (indicated by the arrowhead), the fracture
will no longer heal (Critical Zone) and, instead, it forms a nonunion.

physically impair new-vessel ingrowth. Irrespective of the mechanism, a lar-
ger gap impairs angiogenesis and, consequently, new bone formation, so
precise anatomical reduction and end-fragment apposition are critical for
successful fracture healing.

E. Immobilization

Interfragmental movement has important implications on fracture healing;
stresses and strains determine the fate of intercalary tissue (see Fig. 2).
Micromotion stimulates new vessel formation, but excessive motion
(gap strain >15%) prunes budding capillaries, inhibits osteogenesis, and
leads to nonunion (32,112,113). Moreover, micromotion stimulates blood
flow and periosteal callus formation and, ultimately, it improve fracture
healing (32).
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While rigid fixation promotes primary fracture healing, most titanium
and Vitallium fixation systems are overengineered. So, how can we maxi-
mize fracture fixation without causing stress shielding? In the long bones,
intramedullary (IM) nails facilitate micromotion, but they destroy the endo-
steal blood supply leading to healing through periosteal callous pathways;
however, IM nailing has little application in the craniofacial skeleton.
Fine-wire external fixation causes little damage to the endosteal blood sup-
ply, provides sufficient stability, and facilitates primary fracture healing (8).
In craniofacial fracture management, plates and screws are commonly used
for the fixation (114-116). Bioresorbable plates and screws, the new genera-
tion of fixation materials, can be shaped to fit the local area without concern
for removing the devices. This will further perfect the fixation and limit
damaging the soft-tissue envelope (114-116).

VI. SYSTEMIC STRATEGIES TO IMPROVE
FRACTURE HEALING

Systemic therapies to improve fracture healing are predicated on increasing
the body’s own regenerative capacity. On the simplest level, this involves
providing adequate nutrition to maintain patient health and maximize heal-
ing. although surgeons still debate the best assessment of a patient’s nutri-
tion status, most concede that body weight less than 80-85% of ideal
weight and serum albumin concentration less than 3.0g/100mL are indica-
tors of impaired wound healing (117). The true transferrin level is also an
excellent independent indicator of recent nutrition status (117). Optimizing
these parameters with special diet, tube feeds, or even total parental nutri-
tion (TPN) may be the first step to maximizing the patient’s native ability
to heal.

Preoperative and postoperative smoking cessation is also essential for
optimizing bony repair. Glassman et al. found a statistically significant cor-
relation between smoking cession and nonunion rates in spinal fusion cases
(118). The authors demonstrated that smoking cessation reduced nonunion
rates from 22.2% (persistent smoker) to 20.2% (stopped <1 month prior to
surgery) to 19.6% (stopped > 1 month prior to surgery). More remarkably,
in the best-case scenario, if the patients did not smoke for at least 6 months
after fracture fixation, the nonunion rates dramatically declined to 17.1%
(the nonsmokers’ nonunion rate in this study was 14.2%) (118).

Since anemia, low SaO, and low PaO, cause the CaO, to decline and
impair fracture healing [see Eqn. (1)], optimizing oxygen-carrying capacity is
crucial for optimal healing. However, is there an optimal fracture-healing
hematocrit? The answer is complex limited space prevents an adequate
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discussion, but most surgeons find a hematocrit of 30% acceptable (119).
Can we improve fracture healing by hematocrit doping beyond 30%? First,
the body can adjust to a low hematocrit and temporally maintain the local
oxygen tension at a relatively stable level: the metabolic consequences may
cause increasing blood flow to the fracture site with “rightward shifting” of
the O, disassociation curve and increased O2 released to the wound site.
Furthermore, what about improving fracture healing by increasing the
Pa0O,? Interestingly, Ueng et al. demonstrated that hyperbaric oxygen
(HBO) therapy effectively improves bone mineral density and torsional
strength in the healing fractures of cigarette smokers compared to untreated
smokers (120).

A variety of factors can be used systemically to improve fracture
healing (recombinant proteins are discussed separately below). For
example, Jahng and Kim ovariectomized rats and then created closed
bilateral tibial fractures 3 months later (121). The fractures were stabilized
with intramedullary Kirschner wires and the animals were treated with
recombinant human (rh)PTH or saline once a day for 30 consecutive days
postfracture. The authors demonstrated that rhPTH therapy improved
morphometric and biomechanical parameters of fracture healing in
dose-dependent manner. Jahng and Kim’s findings suggest that rhPTH
therapy may improves fracture healing, for example, in postmenopausal
osteoporotic patients; however, more studies are needed to validate this
point.

Patients on chronic corticosteroids have impaired wound and fracture
healing (122). Vitamin A has been shown to partly reverse the suppressive
effects of steroids by increasing pro-angiogenic/osteogenic cytokines at the
soft-tissue wound site (122). Although the effects of vitamin A on fracture
healing have not been reported, we would hypothesize that the systemic
administration of vitamin A should improve fracture healing through simi-
lar pathways; however, this hypothesis remains unproven. Finally, despite
the pro-osteogenic effects of almost a dozen hormones, the U.S. Food and
Drug Administration (FDA) has not approved hormonal therapy to
enhance fracture healing in humans (61-68).

VIl. MECHANICAL STRATEGIES TO
IMPROVE FRACTURE HEALING

Imposing adequate amounts of mechanical stimulation will enhance fracture
healing. Goodship et al. applied cyclical interfragmentary micromotions to
the fracture callous using a femoral-fracture-healing model, and assessed the
healing by radiography, bone densitometry, fracture stiffness index, and
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material testing postmortem (123). They found that the intermediate-load-
ing group (40mm/s) yielded the best results by the criteria they tested,
and more or less mechanical stimulation resulted in less optimal healing.
In addition, applying mechanical stimulation at the early stages of the frac-
ture-healing process (around 1 week postfracturing) was more effective than
later interventions in stimulating healing (123). However, the form of
mechanical stimulation is of critical importance, since we have shown in a
rat mandibular distraction osteogenesis model that grossly “pumping” the
regenerate (i.e., lengthening and contracting the distraction gap during the
distraction) does not yield greater bone formation (124). This result was
likely because the mechanical forces used were suboptimal for new bone
induction (too high or too low) or at inappro