
According to Aristotle, to be successful in
theorizing is to realize the highest excellence,1 for
practical applications. The purpose of this article is to
improve dentofacial orthopedic treatments by describ-
ing a specific, nonmuscular hypothesis that explains
histologically the way the condyle modifies beyond
the level that can be explained by displacement alone
(Fig 1). As orthodontists pursue more ambitious treat-
ments for their patients with mandibular retrog-

nathism, they are increasingly turning to orthopedic
appliances such as the Herbst, Twin-block, and other
auxiliaries.2-4 Part of the rationale is to augment edge-
wise appliances with fixed intermaxillary elastics and
coils, although it has been reported that these edgewise
systems also produce condylar growth modification.5

Some claim orthopedic appliances assist in the growth
of mandibles and promote their use in this manner. As
a responsibility to our patients to achieve the highest
standards of treatment possible, we need to understand
exactly why and how those appliances work. 

“Can we aid in the growth of condyles to a clini-
cally significant degree?” This commonly asked ques-
tion must always be qualified in terms of time before
being answered intelligently. This is because the clini-
cally significant results of short-term treatment6 have
been shown to be quite different from the findings on
long-term stability.7
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HOW CONDYLAR MODIFICATIONS OCCUR 

Over the years, several theories have emerged
attempting to shed light on condylar growth. One of the
earliest theories, the genetic theory, suggests the condyle
is under strong genetic control like an epiphysis that
causes the entire mandible to grow downward and for-
ward.22 Although this may be related more to develop-
ment of the prenatal than postnatal condyle, the theory
does indirectly question the effectiveness of orthopedic
appliances in condylar growth as proposed by Brodie.23

Several long-term investigations actually showed clini-
cally insignificant condylar growth modification after
continuous mandibular advancement with a reasonable
retention period in human beings24,25 although the initial
treatment results appeared encouraging.26 This leads to
the conclusion that the general growth of the condyle
appears relatively unalterable in long-term studies. In

It is important to differentiate between 3 conditions
that often overlap: normal condyle-glenoid fossa (C-
GF) growth, orthopedic remodeling as a result of
condylar advancement, and pathosis at the condyle.
Pathologic adaptations8,9 show the C-GF region’s abil-
ity to be modified significantly10 (Fig 2). This type of
growth is distinctly different from the limited short-
term growth modification observed with orthopedic
displacement therapy.11-20

Interpreting literature on C-GF modification can
be challenging, mainly because of the variation in the
study designs, analyses, range of orthopedic appli-
ances used, and compliance.21 A literature overview
(Table I) classifies studies with continuous versus
intermittent orthopedic displacement of the condyle
and distinguishes between those conducted on ani-
mals and human beings.
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Fig 1. A, Transfer patient age 10 with a functional appliance to improve mandibular retrognathism
and the vertical dimension with the use of mandibular anterior displacement. Immediately after appli-
ance removal, the mandible is artificially positioned forward with minimal posterior dental contacts.
Orthodontic recall appointments reveal this is not mandibular growth stimulation but rather tempo-
rary anterior positioning of the condyles in the fossae.

A



contrast, one similar study of primates showed signifi-
cant condylar growth modifications over the long-term
but only after retention periods that were far too long to
be feasible for human beings.27

DEMISE OF THE LATERAL PTERYGOID
HYPERACTIVITY HYPOTHESIS28

A second hypothesis,13,29,30 based on the earliest
available acute and blind EMG monitoring technique,
suggests that hyperactivity of the lateral pterygoid mus-
cles (LPM) promotes condylar growth. Rees31 reported
that other muscles and tendons, including those of the
deep masseter and temporalis, also attach to the articular
disk region. Attachments of the LPM to the condylar head
or articular disk may be expected to cause condylar
growth, but anatomic research has not found evidence
that significant attachments actually exist (Fig 3). The
LPM tendon is observed attaching, however, to the ante-
rior border of the fibrous capsule (Fig 4) that in turn
attaches to the fibrocartilage of the condylar head and

neck anteriorly. At the same time, it is doubtful that initial
hyperactivity could occur where the LPM muscle has
been shortened by continuous mandibular displacement
therapy. By using LPM myectomy in rats, which may
have disrupted condylar blood supply, Whetten and
Johnston32 found little evidence that LPM traction had
any pronounced effect on condylar growth. More recent-
ly, permanently implanted longitudinal muscle monitor-
ing techniques33,34 have found that the condylar growth35

is actually related to decreased postural and functional
LPM activity.36,37 This notion was also supported in
human studies by Auf der Maur,38 Pancherz and Anehus-
Pancherz,39 and Ingervall and Bitsanis40 that reported
decreased muscle activity. The LPM hyperactivity theory
brought forward by Charlier et al,11 Petrovic,41 and later
espoused by McNamara13,14 however, was important in
prompting further investigations in muscle-bone interac-
tions.42 Petrovic43 studied the removal of the lateral
pterygoid muscles and retrodiskal tissues “condylar
frenum” for the effect on condylar growth.
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Fig 1. B, Growth relativity hypothesis for condylar and glenoid fossa growth with continuous orthopedic
displacement. Three factors influence growth modification: A, displacement; B, viscoelastic tissue pull
(arrows); and C, transduction with fibrocartilage. Viscoelastic tissues include B1, superior and inferior
bands of the retrodiskal fibers; B2, fibrous capsule (fine white lines); and B3, synovial fluid perfusion in a
posterior direction.The pull of the retrodiskal fibers, capsule, and the flow of synovial fluids on the condyle
relative to the glenoid fossa are in a posterosuperior direction. The forces are translated to the condyle
with the articular disk’s (blue region) posterior, anterior, lateral and medial (collateral) attachments.
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Hans53 presented an excellent overall perspective
suggesting that mandibular growth is a composite of
regional forces and functional agents of growth con-
trol that interact in response to specific extracondylar
activating signals. These extrinsic signals are the
main focus of this article. They are the foundation of
the growth relativity hypothesis. 

Growth relativity refers to growth that is relative
to the displaced condyles from actively relocating
fossae. Growth is discussed relative to long-term
retention results, rather than short-term treatment
outcomes that are clearly different. Viscoelasticity is
conventionally applied to elastic tissue, primarily
muscles. In this article viscoelasticity refers to all

WHAT SPECIFICALLY AFFECTS THE GROWTH AT
THE CONDYLAR HEAD?

A third hypothesis, the functional matrix theory,
postulates the principal control of bone growth is not
the bone itself, but rather the growth of soft tissues
directly associated with it.44-48 Although this was
supported in part by investigations testing the differ-
ent growth and developmental responses between the
condyle49-51 and epiphysis, there has been no expla-
nation as to exactly how condylar growth would be
stimulated. Thus, this theory’s validity has been ques-
tioned.28,52 One of the reasons was that there was lit-
tle explanation of the specific mechanism by which
the condyle was stimulated to grow. Endow and
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Fig 2. Transcranial views and corrected serial section tomography (bottom row) of an otherwise
healthy adult female patient’s C-GF region pretreatment shows a relatively normal right C-GF region
and a left side that has undergone marked adaptation of the glenoid fossa. Clinically significant (>1
mm parallel to the occlusal plane) bone formation of at least 2.5 mm is shown at the left postglenoid
spine and resorption at the articular eminence associated with condylar hypoplasia. The left GF
adaptation has resulted in both a markedly shallower vertical dimension and wider anteroposterior
dimension because of articular eminence remodeling. The condylar osteophyte is partially associat-
ed with the altered insertion of the superior head of the lateral pterygoid muscle (SHLP).



noncalcified tissues. Specifically, viscoelasticity
addresses the viscosity and flow of the synovial flu-
ids, the elasticity of the retrodiskal tissues, the
fibrous capsule and other nonmuscular tissues includ-
ing LPM perimysium, TMJ tendons and ligaments,
other soft tissues, and bodily fluids.

VERTICAL DIMENSION INCREASES AND
DECREASED LPM ACTIVITY

The examination of soft tissues (fascia and tendons
attachments, the perioral muscles of the lips, cheeks, and
tongue) has also been undertaken.54,55 Investigations of
active patients with chronic oral respiration56-58 with
resultant skeletal maxillary constriction, together with
increased lower vertical face height, showed significant

effects caused primarily by disturbances in the equilib-
rium of soft tissues. In addition to breathing pattern, a
possibility of altered salivary flow and not necessarily
of muscle activity alone has been implicated. Some
studies suggested a form of condylar pull “stress” that
resulted in a significant mandibular growth.59-61

Conversely, condylar compression demonstrated
decreased C-GF modification, as shown by Graber62

and Joho.63 Interestingly, increases in the vertical
dimension have accompanied decreased postural EMG
masticatory muscle activity as demonstrated by
Storey64 and others.65-67 With evidence of decreased
muscle activity during the use of propulsive orthopedic
appliances, one can ask the question: what is causing
the observed growth modifications?
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Table I. Representative overview of various types of studies of orthopedic effects on condylar advancement*

Effects of continuous displacement on the condyle

Clinical studies
Pancherz 1979
Pancherz and Anehus-Pancherz 1980
Pancherz 1982
Sarnas-Pancherz 1982
Wieslander 1984
Hag and Pancherz 1988
Pancherz and Littmann 1989
Valant and Sinclair 1989
McNamara and Mollenhauer 1997
Pancherz and Fackel 1990
Hansen et al 1990
Pancherz 1991
May et al 1992
Wieslander 1993
Pangrazio-Kulbersh and Berger 1993
Windmiller 1993
Pancherz and Anehus-Pancherz 1994
Jasper et al 1997

Animal studies
Altuna 1979
Woodside et al 1983
Voudouris 1988
Sessle et al 1990

Effects of intermittent displacement on the condyle

Clinical studies
Andreasen 1936
Bjork 1951
Baume 1959
Moss 1962
Thilander and Filipsson 1966
Jakobsson 1967
Trayfoot 1968
Frankel 1969

Charlier et al 1969
Harvold and Vargervik 1971
Algren 1972
Woodside et al 1975
Auf der Maur 1980
Graber LW 1983
Teuscher 1983
Vargervik and Harvold 1985
Thilander and Filipsson 1966
Ingervall and Bitsanis 1986
Clark 1988
Vardimon 1989
Mamandras 1990
DeVincenzo 1991
Livieratos and Johnston 1995
Gianelly 1995

Animal studies
Breitner 1940
Baume 1961
Hiniker and Ramfjord 1966
Lieb 1968
Joho 1968
Charlier et al 1969
Payne 1971
Stockli and Willert 1971
Petrovic and Stutzmann 1972
Adams et al 1972
Elgoyen et al 1972 
McNamara 1973
Petrovic et al 1975
Oudet and Petrovic 1975
McNamara 1975
McNamara and Carlson 1979
Stutzmann and Petrovic 1979
Graber TM 1983
Petrovic 1984
McNamara and Bryan 1987
Tsolakis et al 1997

This is a representative sample of studies and is not intended to include all orthopedic investigations.35



nous lining in the glenoid fossa to induce bone forma-
tion locally (Fig 5). This is followed by the stretch of
nonmuscular viscoelastic tissues. Third and the most
interesting aspect is the new bone formation some dis-
tance from the actual retrodiskal tissue attachments in

GROWTH RELATIVITY HYPOTHESIS
Three Main Foundations

The glenoid fossa promotes condylar growth with
the use of orthopedic mandibular advancement therapy.
Initially, that displacement affects the fibrocartilagi-
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Fig 3. A, Three-dimensional illustration of unadvanced human TMJ shows minimal attachment (J) of
superior head of the lateral pterygoid muscle to articular disk (M1, blue) and retrodiskal tissue com-
plex (N). (For other label details, please see reference 35.) B, Clean, representative TMJ dissection
from human adult cadaver specimen to expose the pterygoid muscles. Fascia and tendon of a small
upper proportion (u) of SHLP fibers are firmly attached to stabilize the articular disk from the poste-
riorly attaching retrodiskal tissues that continue to be extended at the start of closing (not shown). It
is important to note the majority of both the SHLP and inferior head of the LPM (IHLP) fibers attach
lower to the neck of the condyle (arrows) and not the articular disk or condylar head.



the fossa (Fig 6). The glenoid fossa and the displaced
condyle are both influenced by the articular disk,
fibrous capsule, and synovium, which are contiguous,
anatomically and functionally, with the viscoelastic tis-
sues. Therefore, condylar growth is affected by vis-
coelastic tissue forces via attachment of the fibrocarti-
lage that blankets the head of the condyle (Fig 7A). 

Microscopic examination of TMJ sections has
revealed direct connective tissue attachments of the
retrodiskal tissues into the unique fibrocartilaginous
layer of the condylar head (Fig 7A). Interestingly, this
highly functional fibrocartilage that caps the condyle in
3-dimensions is not found on epiphyses. There are pos-
terior, anterior (Fig 7B), and 2 collateral soft tissue
attachments between the retrodiskal tissues (Fig 1B and
3) and the condyle, along with the fibrous capsule (Fig
1B) and synovial fluid. These distinct attachments to
the condylar head use the articular disk and fibrocarti-
lage to communicate between the GF and the condyle.
During orthopedic mandibular advancement, there is an
influx of nutrients and other biodynamic factors into
the region through the engorged blood vessels of the

stretched retrodiskal tissues (Fig 7A) that feed into the
fibrocartilage of the condyle. The expulsion of these
factors occurs during reseating of the displaced
condyles in the fossa during relapse. The result is a
metabolic pump-like action of the retrodiskal tissues.68

Another promising area of investigation is the
alteration of synovial fluid dynamics that occurs with
orthopedics. Nitzan69 used disoccluding appliances in
human beings to demonstrate low subatmospheric
intra-articular pressures within the TMJ in the open
position. The low intra-articular pressures were sig-
nificant in altering the joint fluid dynamics or flow of
synovial fluid.70 It was observed surgically that these
negative pressures shift synovial fluid perfusion in a
posterior displaced direction. This TMJ pump may
initially act similar to a suction cup placed directly on
the displaced condylar head to activate growth (Fig
5A). These negative pressures, initially below capil-
lary perfusion pressures, permit the greater flow of
blood into the C-GF region (Fig 7A). This increases
the flow to the synovial capillaries near the condyle
and the fossa.71 Surprisingly, significant sex differ-
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Fig 4. A, Parasagittal, three-dimensional perspective of a primate TMJ that is advanced downward
and forward.The SHLP muscle is connected to the anterior aspect of the condylar head by the fibrous
capsule. The condylar head is also attached posteriorly by the firm retrodiskal tissues. Note the
appearance of viscous synovial fluid and membrane remnants contacting the posterosuperior aspect
of the condyle and the superior aspect of the posterior band of the articular disk. The articular disk is
similar to a parachute anchored by the anterior and posterior attachments of the fibrous capsule and
posterior retrodiskal tissues (the collateral ligament attachments of the articular disk are not shown
(see Fig 3B). B, Sagittal, macroscopic, two-dimensional section of unadvanced Macaca fascicularis
TMJ that shows, similar to human beings (dissimilar to the rat), minimal association of SHLP muscle
and tendon with the articular disk-retrodiskal complex in the closed position (vertical arrow). SHLP
muscle tendons and fibers begin to insert into the fibrous capsule (horizontal arrow) anterior to the
lower chamber space and inferiorly into the condylar neck communicating with the fibrocartilage.



extended for the orthopedically displaced condyle.
With orthopedic advancement of the mandible, the law
of Growth Relativity states that bone architecture is
influenced by the neuromusculature and the contigu-

ences were found with females generating greater
intra-articular pressures than males.

Wolff’s law72 states that bone architecture is influ-
enced by the neuromusculature. This law may now be
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Fig 5. A, Three-dimensional perspective illustrates the growth relativity hypothesis in the orthopedically
advanced condyle. The posterior, anterior, and lateral attachments of the retrodiskal-articular disk com-
plex are shown.The condyle may be guided upward and backward by these and other attachments.The
retrodiskal-articular disk complex is pulled in the opposite direction of the arrows for glenoid fossa mod-
ification. The altered dynamics of the clear, viscous synovial fluid that perfuses posteriorly in the small
lower TMJ chamber may facilitate growth beneath the hydrophilic condylar fibrocartilage. In the upper
chamber, the opposing anterior flow of synovial fluids may similarly influence GF growth. B, Sagittal sur-
gical examination of a primate TMJ advanced anteriorly shows extended superior meniscotemporal lig-
ament of the retrodiskal tissues for posterosuperior force on the articular disk-condylar complex. The
inferior mandibulotemporal lamina of the retrodiskal tissues anchored to the postglenoid spine (lower
arrow) also demonstrates tissue extension applied directly to the condyle. The lateral pterygoid muscle
lengths anterior to the articular disk are shortened due to the continuous advancement.
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ous, nonmuscular, viscoelastic tissues anchored to the
glenoid fossa and the altered dynamics of the fluids
enveloping bone. 

THREE GROWTH STIMULI
Displacement + Viscoelasticity + Referred Force

The concept that viscoelastic tissue forces can
affect growth of the condyle suggests that modification
first occurs as a result of the action of anterior orthope-
dic displacement. Second, the condyle is affected by
the posterior viscoelastic tissues anchored between the
glenoid fossa and the condyle, inserting directly into
the condylar fibrocartilage. Finally, it is hypothesized
that displacement and viscoelasticity further stimulate
(or turn on the light switch for) normal condylar growth
by the transduction of forces over the fibrocartilage cap
of the condylar head (Fig 7A). The ensuing increase in
new endochondral bone formation appears to radiate as
multidirectional finger-like processes (Fig 7A) beneath
the condylar fibrocartilage, and significant appositional

(periosteal) bone formation is seen in the fossa (Fig 6).
Condylar growth is also mediated by other intrinsic and
extrinsic biofeedback factors that are present and active
even when the mandible is not distracted.29,42

GROWTH RESTRICTION OF THE GLENOID FOSSA 

Cephalometric investigations by Bjork73 and
Popovich and Thompson74 in healthy patients from the
Burlington Growth Center, among other facilities, have
found that the glenoid fossa grows in a posterior and
inferior direction. In addition, the anterior slope of the
articular eminence undergoes extensive resorption in a
posterior and inferior direction75 and the posterior
slope undergoes compensatory endosteal deposition
until 7 years of age. The condyles and fossae in indi-
viduals with average FMA grow generally in a posteri-
or and inferior direction based on the cranial base
superimposition.76 That means the posteriorly directed
forces of the viscoelastic tissues may affect the
advanced condyle and fossa at a time when the glenoid
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Fig 6. Transduction: photomicrograph of undecalcified parasagittal section of the glenoid fossa
where the condyle was orthopedically advanced for 12-weeks. (Tetracycline vital stain; original mag-
nification ×3; fluorescence microscopy.) Retrodiskal tissues (not shown) attach near the petrotym-
panic fissure and extend toward the most anterosuperior end of the attachment (white arrow). It is
important to observe, however, that the new bone formation extends a large distance beyond the
actual attachment of the retrodiskal tissues toward the height of the articular eminence (right black
arrow) demonstrating transduction or referral of force.
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Fig 7. A, Photomicrograph of decalcified parasagittal section of an orthopedically advanced
condyle for 12 weeks. (Hemotoxylin-eosin stain; original magnification ×10; nonpolarized light.)
Posterior biophysical communication with the condylar head is demonstrated where the
retrodiskal fibers actually insert and pull directly on the fibrocartilage of the condyle (yellow
arrows). This is an independent communication since the inferior lamina of the retrodiskal fibers
attaches directly to the fibrocartilage under the posterior band of the articular disk and may be a
unique histologic finding (personal communication, Tom Graber, May 1999). Fibrocartilage acts
as a conduit (black arrows) for transduction of forces at both the fossa (Fig 6) and condyle for
growth modification.
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fossa should actually be moving naturally in a pos-
teroinferior direction. 

However, the fossa is reported to grow in the reverse
direction, relocating anteroinferiorly to meet active
condylar modification and to restore normal function
during orthopedic treatment. This is a relative restric-
tion of normal fossa growth, and it contributes toward
Class II correction. Growth restriction of the GF can be
particularly useful when it is combined with restriction
of the maxillary growth while the mandible grows
downward and forward.28 In healthy patients, the hori-
zontal growth component of the brain,77 which is in

close proximity to the glenoid fossa, has been suggest-
ed to cause the fossa to be displaced posteroinferiorly
relative to the condylar growth. Unfortunately, this the-
ory has not yet been adequately proven experimentally.

Modification of the GF can be clinically significant
whenever the 2 structures, the condyle and the fossa,
are separated. In young growing subjects, reciprocal
forces of the viscoelastic tissue between the fossa and
the condyle can change C-GF growth directions to our
advantage (Fig 8A). This growth appears to be limited
by the amount of mandibular advancement, prolifera-
tion, and turnover of retrodiskal tissues. Experimental
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Fig 7. B, Photomicrograph of a decalcified parasagittal section of the TMJ. (Hematoxylin and eosin; orig-
inal magnification ×10.) The indirect anterior communication of the retrodiskal fibers with the fibrocarti-
lage of the condyle is dependent on the articular disk, anterior fibrous capsule, and peri-mysium of the
SHLP muscle. Additional communications include the deep masseter and temporalis. These 3 interme-
diary connective tissues (arrows) are used to communicate with the fibrocartilage of the condylar head.
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Fig 8. A, Illustration of a 3⁄4 anterior-lateral perspective of the forces on the advanced condyle and
glenoid fossa through their respective soft tissue attachments that change their growth directions.
They are part of at least 6 viscoelastic lines of communication including synovial fluid and the fibrous
capsule that have been found to connect directly and indirectly with the interfacing fibrocartilaginous
layer of the condyle. The sixth attachment to the condyle is specifically through the more diagonally
oriented posterior and middle fibers of the fibrous capsule overlaying and communicating not only
with the condyles but also with the retrodiskal-articular disk complex (see Fig 1B). B, Light bulb anal-
ogy of condylar growth and retention. When the growing condyle is continuously advanced, it lights
up like a light bulb on a dimmer switch. When the condyle is released from the anterior displacement,
the reactivated muscle activity dims the light bulb and returns it close to normal growth activity. In the
boxed area, the upper open coil shows the potential of the anterior digastric muscle and other peri-
mandibular connective tissues to reactivate and return the condyle back into the fossa once the
advancement is released. The lower coil in the box represents the shortened inferior LPM. The open
coil above the yellow condylar light bulb represents the effects of the stretched retrodiskal tissues.
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animal studies of glenoid fossa growth using condylar
displacement,78 condylectomies,79-82 and condylar
fractures83,84 have verified this pronounced adaptive
capability of the GF relative to the growing condyle. 

Fibrocartilage is not easily visible macroscopically.
The soft tissue connections to the condyle are deeply
imbedded and difficult to assess. They overlap and
intermingle in 3 dimensions seemingly without an
obvious directional orientation similar to trabecular
bone. This may account for the paucity of studies on
viscoelastic physical interconnections and communica-
tions to the complex structure of the condylar head. 

DISCUSSION
Epiphysis Versus Condyle

To offer an analogy following the literature review,
the condyle appears to act like a light bulb on a dimmer

switch. It lights up during advancement, dimming back
down to near normal levels in retention. Its growth
potential diminishes with age, whereas the glenoid
fossa remodeling “lighting” potential lasts long into
adulthood (Figs 2 and 8B).

Several investigations of relapse have lead to the
conventional wisdom that C-GF growth modification
cannot be maintained. This does not prove, however,
that growth of the condyle is strongly predetermined by
genetic factors, like an epiphyseal growth center. The
condyle can restore its relational position within indi-
vidual limits. Investigations should not exclude a possi-
bility of identifying important triggers, stimuli, or hin-
drances for condylar growth, particularly as newer
technologies for growth stimulation emerge. 

The tissue-separating force85 of the epiphyseal growth
center, for example, is a main factor in determining the
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Fig 9. A, Significant anatomic differences between the condyle of the mandible and the epiphysis of long
bones may permit greater modification of the condyle. The unique layer of fibrocartilage covering the
condyle is absent in the epiphysis. In addition, compared with epiphyseal chondrocytes, condylar pre-
chondroblasts are not surrounded by an intercellular matrix to isolate them from local factors.The chon-
drocytes are further oriented in a multidirectional fashion suitable for changes in growth direction in com-
parison to the columnar arrangement of the epiphyseal chondrocytes. B, Diagrammatic representation
of an overall clinical concept of current condylar growth modification and retention. Orthopedic advance-
ment has been associated with reduced muscle activity, while stimulating condylar proliferation (red
arrow). However, after long-term retention when the appliances have been removed, the majority of
condylar growth stimulation has been shown to be minimal in human beings (black arrow).
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RETENTION RELAPSE OF CONDYLAR MODIFICATION 

The active return of the condyles to the fossae post-
treatment appears to deactivate the modifications by
compressing the condyle against the proliferated
retrodiskal tissues. Any additional bone induction
appears to be clinically insignificant at the condyle in the
long-term (Fig 9B). The adaptive ability of the condyle
is not clinically significant when the orthodontist cannot
influence it positively through dentofacial orthopedic
treatment over the long-term period. Condylar cartilage
is considered a mechanical supporter that mends and
extends itself in an attempt to regain function in the dis-

length of long bones. Primary epiphyseal cartilage has rel-
atively little adaptive potential over the short-term and has
no fibrocartilaginous cap. In contrast, the condyle does not
have significant tissue-separating force and is dissimilar to
the epiphysis functionally, anatomically (Fig 9A),
immunologically,86 chemically,87-89 ontogenetically, or
phylogenetically.53 Condylar cartilage is capable of both a
degree of healthy intrinsic growth and significant adaptive
growth with short-term mechanical stimulation.90

Although current results of long-term studies may appear
to favor a genetic explanation of condylar growth, it must
be recognized that the condyle simply does not look or act
like an epiphysis during orthopedic treatment.91-96
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Fig 10. Biodynamic factors involved in condylar-glenoid fossa (C-GF) growth modification during
orthopedic mandibular advancement in treatment and retention. Metabolic action describes the
pump-like influx and expulsion of nutrients and other chemicals from the engorged blood vessels of
the proliferating retrodiscal tissues (dark blue region) extending between the condyle and the fossa.
This biodynamic action (light blue circle) occurs in the retrodiskal tissues and fibrocartilage during
condylar displacement. The expulsion of these accumulated metabolites occurs during reseating of
the protracted condyle and is clinically evident as relapse of the previously observed condition.



placed condition when it is affected by environmental
and functional factors including the function of the
condyle within the GF.97 Standard condylar growth stud-
ies may need to be considered in the future more in terms
of long-term glenoid fossa modification.98-102 The latter
may be more closely related to the clinical corrections
observed than may have been previously thought, espe-
cially for severe Class II type orthopedic changes with
mandibular propulsive therapy.

CLINICAL IMPLICATIONS OF VISCOELASTICITY

Although orthopedic appliances do not appear to
affect the growth of mandibles on a long-term basis, they
are useful for dentoalveolar changes using condylar dis-
placement and viscoelastic tissue forces. Anteroposterior
and vertical changes also occur by differential eruption of
the dentition. Clinically, transverse orthopedic changes
are particularly useful. One key element in using propul-
sive orthopedic appliances is to avoid compression of the
condyle against the eminence. This compression has been
associated with reduced condylar growth, TMD, and
osteoarthritic changes, including posttreatment degenera-
tive condylar flattening in a number of isolated Herbst
patients of preadolescent ages.103-105

In order to prevent condylar compression, it is sug-
gested that a Herbst appliance be used with a thin pos-
terior bite block and in combination with a rapid max-
illary expander. The maxillary expansion reduces
occlusal interferences and functional shifts by accom-
modating the wider portion of the anteriorly positioned
lower arch. Herbst combinations with other appliances
are not unusual, such as the headgear-Herbst, which
has been used successfully for stable maxillary changes
in human beings.7 The Herbst-RME block has multiple
advantages including a cushioning effect on the
advanced condyle by moving it vertically away from
the eminence. One purpose of the thin block is to
relieve the articular disk from continuous compres-
sion69 and reduce the possibility of condylar resorption
in patients. Another use is buccal segment intrusion.

The purpose of progressive and continuous
advancement of the mandible is to offset the prolifera-
tion of the activated retrodiskal tissues (Fig 7A) 
and to reactivate the metabolic pump-like action 
of the retrodiskal tissues. Some studies have suggested
the maximum condylar prechondroblastic and chon-
droblastic response to be 6 weeks after initial activa-
tion18,106,107 as a guide for planning subsequent reacti-
vation. An adequately long retention period, perhaps
until growth completion, is not practical for patients at
this time, although it appears to be important. The
retracting muscles of mastication (anterior digastric) as

well as the other extended connective tissues surround-
ing the mandible have been associated with the pull of
the condyle back into the fossa. This was clinically
shown in children after surgical mandibular advance-
ments108 that caused deleterious effects on the final
position of the mandible and condition of the condyle.

METHOD AND MATERIALS VARIANCES

Clinicians need to consider a number of important
differences in the methods of C-GF modification stud-
ies. The proper selection of Class II control and treat-
ment subjects and larger sample groups matched in cur-
rent age and sex is essential. The type and duration of
the appliance usage (eg, intermittent versus continuous
appliance wear) do not appear to be a major factor deter-
mining the outcome of treatment.109 On the other hand,
differences between results during active treatment ver-
sus results of long-term retention should be most seri-
ously considered. Duration of the active treatment varies
between a few weeks and several years.110 Similarly, the
amount of advancement can vary significantly from 2
mm111 to 9 mm.112 The role of the maxillary growth and
resulting changes in the occlusion8,113 may be pertinent. 

The type of analysis of results, for instance, with
measurements such as the SNB angle or articulare (Ar)
compared with condylion (Co) may also affect the
interpretation of findings.114,115 For instance, by using
Ar-Pogonion immediately posttreatment, mandibular
position (Fig 1A) may be affected by muscle dysfunc-
tion and by the proliferation of the retrodiskal tis-
sues.116-119 This does not constitute an overall increase
in mandibular length compared with controls, and the
condition is commonly referred to as dual, or
“Sunday” bite, which is not considered to be a sign of
successful orthopedic treatment.

OTHER USES OF ORTHOPEDICS

Although many orthodontists in North America
use functional orthopedic appliances for mandibular
displacement, a recent preliminary survey120 showed
that only a minority (21%) of the orthodontic respon-
dents believe the mandible can be stimulated to grow
beyond its intrinsic or genetic potential. According to
them, the fact that all of the mandibular advancement
appliances disocclude the two dental arches temporar-
ily disables the inherent proprioceptive coupling of
the maxillary and the mandibular dentition. This, in
turn, allows the two jaws to grow or be otherwise dis-
placed independent of each other. This theory, some-
what attractive because of its simplicity, probably
cannot account for the full range of changes observed
with the use of orthopedic functional appliances. It
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are often subject to negative criticism. As a result, the
number of hypotheses on the important causes of C-GF
growth modification is minuscule in comparison to the
vastly greater number of studies on the short-term clin-
ical results of orthopedic appliances.

RELATIVISTIC THINKING FOR CAUSE AND
DIAGNOSIS

The causes of condylar modification with orthope-
dic appliances are more important to address than
short-term treatment results. Clinicians may be able to
provide a greater consistency in Class II treatments by
knowing what they can and cannot control.
Significant mandibular growth modification and its
retention on a long-term basis is debatable. The rela-
tive influence of each of the presented factors is sig-
nificant in formulating orthodontic diagnoses and
treatment-planning objectives. This is particularly rel-
evant in considering the 3 vertical facial type charac-
teristics, namely, high, low, and average FMA.
Relativistic thinking is a key in orthodontic diagnoses,
as our patients have dominant individual differences
and respond differently to nearly identical treatment
regimens.26 Individual differences in growth rates and
directions may explain some of the discrepancies
reported in clinical studies in human beings. This may
also be the reason that an intermittent displacement of
the condyle induced increased condylar growth in
some reports,134-136 whereas in other investigations it
was of minor clinical value.111,137-139

The muscles presumably win the interaction
between the muscle and bone. However, factors other
than muscles can and do affect bone. Some of these
other interactions can be qualified by using relativis-
tic reasoning. For instance, a dental factor as simple as
a tooth in crossbite, or another nonmuscular factor
such as chronic nasomucosal swelling, resulting in
oral respiration and in subsequent severe maxillary
constriction, can dominate the interaction between
muscle and bone in malocclusion. Although early
statements made by Wolff and Sicher72,92 have
exceeded their original usefulness, they have led to
further thoughts, underscoring the need for a more
specific yet broad relativistic outlook critical to clini-
cians in their treatment decisions.

FUTURE CONDYLAR BONE INDUCTION AND THE
NEEDED MECHANISM

For orthodontists, identifying the primary trigger
for adaptive growth of the advanced mandible and
then achieving it with the use of orthopedic appli-
ances is the key to successful treatment of certain

may, however, be an important adjunct to the other
mechanisms described in this hypothesis, as well as in
other hypotheses on the subject.121

It has been further suggested that no measurable
long-term benefits for the mandible are derived from
the first phase of “functional” appliance treatment in
average two-phase treatment.122 This indicates that C-
GF modification may not need to be the prime target
of orthopedic appliance therapy. Orthopedic appli-
ances with imbedded expanders have been and are
certainly useful today for interceptive treatment of
selected early treatment patients with transverse
skeletal maxillary constriction or environmentally
constricted arch forms. Maxillary growth restriction,
stable maxillary molar space regaining,7,123 and initial
retraction of severely tipped maxillary incisors with
an imbedded Hawley retraction arch produce lip har-
mony, balance, and self-esteem. Finally, vertical
dimension reduction (and A-P) changes through
selective mandibular buccal segment eruption124 for
mandibular overclosure or buccal segment intrusion in
skeletal open bites benefit from orthopedic appliances
such as the Twin-block or Fränkel appliance for Class
II correction. When orthodontic detailing is the pri-
mary objective, a single phase of interactive, self-
engaging, edgewise appliance therapy is currently an
ideal treatment choice, combining uniquely reduced
resistance with full control in the system with a mini-
mal number of appliances needed for unobstructed
Class II molar correction. Relativistic thinking is crit-
ical for successful patient treatment.

Rather than one factor controlling C-GF modifica-
tion, a balance of factors appears to be at work with
orthopedic appliances. The presented hypothesis identi-
fies at least 6 factors that interact and produce a positive
change for each individual: skeletal (displacement),
dental, neuromuscular, nonmuscular viscoelastic tissues
including synovial fluids, biodynamic intrinsic and
extrinsic factors, and maturational age contributing to
adaptation in the TMJ complex (Fig 10).125,126

For over a century, muscle function has been impli-
cated in bone formation72,127-133 with relatively less
attention given to the nonmuscular tissues with ortho-
pedic treatment. This article explores a relativistic con-
cept of growth using the 6 factors (including the grad-
ual return of muscle activity) to describe the physical
changes in the TMJ during orthopedic advancement
appliance therapy more completely than theories pre-
sented thus far. Mechanisms of growth of the mandible
are difficult to prove experimentally because they are
multifactorial and complex. Craniofacial growth
hypotheses are, therefore, rarely proposed because they
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malocclusions. The ideal objective would be to har-
ness the full potential of this growth mechanism,
exceeded only by controlling the cascade of sec-
ondary factors that cause the severe mandibular ret-
rognathism and being able to intercept them.

Working in the clinic without a more specific under-
standing of the mechanisms of C-GF modification is akin
to the use of a complex new appliance (hardware) with-
out the prior reading of sequential operating instructions
(software). The appliances that we need to understand
have specific effects on the nonmuscular software. This is
especially true if the objective is to alter the involved
mechanisms some time in the future. Not knowing these
mechanisms results in unexpected C-GF modifications
that do not remain stable on a long-term basis.

The difference between the growth relativity
hypothesis and the functional matrix theory is that
the former is specific to the C-GF and identifies the
soft tissues, fluids, and loci of force transduction that
cause growth modifications when using orthopedic
appliances. This is a macroscopic overview of a com-
plex mosaic of numerous microscopic intrinsic and
extrinsic140 interactions.141-143 They include electro-
physiologic, neural sensory, oxygen tension, hormon-
al, nutritional,144 and other factors. It identifies
specifically where the soft tissue lines of communi-
cation affecting skeletal growth are located on, in,
and around the condyle. The condylar growth modifi-
cation mechanism should dictate the 3-dimensional
construction of orthopedic appliances. A combined
type of cast Herbst-RME block appliance has the
potential to meet such a mandate. As the mechanisms
of condylar growth modification and stability are bet-
ter understood, they will provide clinically meaning-
ful and stable C-GF modifications.

CONCLUSION 

An hypothesis is presented for the mechanism of
condylar-fossa growth modification with propulsive
mandibular appliances, such as the Herbst and Twin-
block that involves:
1. Displacement of the mandible 
2. Viscoelastic tissue extension forces to the condyle through

several different attachments
3. Transduction of forces radiating beneath the fibrocartilage

of the glenoid fossa and condyle 
The result is redirected and enhanced C-GF growth,

primarily due to a significant remodeling. Since the
glenoid fossa and the condyle are contiguous struc-
tures, the head of the modifying condyle is affected by
the same 3 factors enumerated above. The condylar
fibrocartilage may play the role of the conduit for force

transduction. This was preliminarily confirmed by
microscopic identification of insertions of the extended
viscoelastic tissues directly into the pericondylar cap of
fibrocartilage. There are several pieces of evidence to
suggest that the condylar growth mechanism occurs
relative to the glenoid fossa modifications and not nec-
essarily as an independent and isolated phenomenon.
The 2 structures are interconnected by retrodiskal tis-
sues, engorged with nutrients from the enlarged blood
supply during the condylar advancement. There is pre-
liminary anatomic and histologic evidence to support
the hypothesis that new bone formation at the displaced
condyle is affected by nonmuscular viscoelastic forces
directly and indirectly by transduction. Convincing
arguments have been published that support condylar
modifications during treatment. However, several stud-
ies have shown that they could not be maintained dur-
ing reasonable long-term retention, for instance, longer
than 2 to 3 years. In the future, orthopedic appliances
may, with proper selection and skillful technique, suc-
cessfully address condylar and glenoid fossa growth
modification both in treatment and in retention. 

FUTURE STUDIES

The growth relativity hypothesis is suitable for
experimental verification. One suggestion is to test the
effect of synovial fluid perfusion on C-GF growth mod-
ification by the continuous drainage of the synovial flu-
ids in control and experimental subjects while using
anterior mandibular displacement. 

The growth relativity hypothesis is currently test-
ed experimentally through the use of full occlusal
coverage Herbst-Block and Twin-Block appliances
for condylar displacement, stimulation of viscoelastic
tissue, and transduction forces in primates. This
method minimizes condylar compression typically
found in a more traditional design of the Herbst appli-
ance. It also affords the opportunity to use cephalo-
metric, histomorphometric, and electromyographic
methods to investigate the clinical significance of the
observed changes (future publication).

It is important to note that young primates are
described to have higher condylar growth rates than
those of growing human beings. In addition, primates
have orthognathic Class I occlusions, whereas some
human beings require correction of mandibular retrog-
nathism with Class II type malocclusions. However,
with the close similarities between primate and human
TMJs, direct examination and comparisons can be
made of the primate soft tissue anatomy, including
muscles. These observations in primates have positive-
ly impacted our understanding of how to treat, or to not
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treat, patients with severe retrognathism. The primate
continues to be the premier model to study C-GF mod-
ifications, because of many biological similarities,
including over 90% of human proteins and relatively
minor species differences.145-148
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