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M uch has been published in the clinical and basic science literature on the 
growth of the temporomandibular joint. An area of significant controversy is the question 
of whether the growth of the temporomandibular joint, and of the mandibular condyle in 
particular, can be influenced to any significant degree through therapeutic or experimental 
intervention. Despite the number of clinical and experimental studies of this question, no 
universal agreement has been reached regarding the potential for adaptation in response to 
an alteration of the structural or functional environment by means of growth and/or 
remodeling of the temporomandibular joint. Part of the reason for this lack of agreement 
stems from the fact that competing dogmas exist concerning the growth and adaptability of 
the temporomandibular joint. A precise definition of the mechanisms by which condylar 
growth takes place also has been hindered, in many cases, by inadequate clinical and 
experimental samples and by incomparability of treatment plan or experimental design. 

Numerous persons have undertaken experimental investigations of temporomandibu- 
lar joint growth in animal models. An evaluation of the findings from these studies reveals 
that the age or developmental stage of the animals used in these experiments is a critical 
factor in determining the potential for temporomandibular joint adaptability. There is little 
experimental evidence demonstrating that any significant adaptations can occur in the 
adult temporomandibular joint,13, 16, li, 34 and pathologic changes have been reported to 
occur in some instances. 6 In contrast, other studies have shown that the temporomandibu- 
lar joint region, particularly the mandibular condyle of young, growing animals, can be a 
primary site of craniofacial adaptation to altered occlusal function.‘, 2. s, *L 28-33, 35 

We lhave experimentally studied temporomandibular joint adaptability to alteration of 
the biomechanical environment, using the rhesus monkey (Macaca mulatta) as our animal 

From the Departments of Anatomy and Anthropology and the Center for Human Growth and Devel- 
opment, The University of Michigan. 
This study was supported in part by National Institute of Health Grant DE 03610. 

OOQ2-9416/79/120593+19$01.90/0 0 1979 The C. V. Mosby Co. 593 



594 Mc~Numuru curd Cut-isoil 

model. lo, ‘6-Z’ The results of our previous investigations indicate that modification of the 
functional position of the mandible results in an immediate alteration of the neuromuscular 
activity of the orofacial muscles, which is particularly noticeable in the lateral pterygoid 
muscle. Depending on the maturational status of the animal, various adaptive responses in 
the facial skeleton follow closely the neuromuscular alterations. These neuromuscular 
adaptations continue to be observed until the structural adaptations in the skeletal and 
dentoalveolar components of the craniofacial complex are complete. We have shown 
cephalometricallyl0. 16. 17. 19, 21 and in a preliminary histologic studyzO, 23 that the growth 
of the temporomandibular joint, particularly of the condylar cartilage, can be increased in 
comparison to control-level values through the insertion of an appliance which prompts 
the jaw to function in an anterior position. On the basis of these studies we have 
hypothesized that the adaptation of the skeletal and dentoalveolar elements of the face 
following functional protrusion of the mandible leads to a re-establishment of structural 
and functional balance of the orofacial region: thus leading to a return to the original 
pattern of neuromuscular activity. ix 

Similar findings have been observed in the rat by Petrovic and associates.“. 29-“1. l’s In 
these studies, in which young growing rats wore hyperpropulsor devices, the number of 
dividing prechondroblasts in the condylar cartilage was significantly increased in the 
treated group. In addition, the mandibular angle (the angle formed by the intersection of a 
iine drawn through the middle of the condyle to the tangent of the inferior border of the 
ramus) increased an average of 3 degrees. Petrovic and associates?. :I1 also noted a 
reduction in the number of serially arranged sarcomeres of the lateral pterygoid muscle, 
indicating that the anatomic length of the muscle was decreased. Furthermore, it was 
evident from the histologic analysis that the fibers of the lateral pterygoid muscle exhibited 
considerable hypertrophy. 

The results of the above studies in young growing monkeys and rats indicate a 
relationship between altered muscle function and structural adaptations in the tem- 
poromandibular joint region. It is the purpose of the present study to quantify histologi- 
cally the adaptive responses observed in the temporomandibular joint in young rhesus 
monkeys following an alteration in the mandibular postural position. Our working hy- 
pothesis in this experiment is that the adaptations in the cartilage of the mandibular 
condyle and its associated osseous tissue can be induced by alterations in the biomechani- 
cal or biophysical influences on the temporomandibular joint, the articular disc, the 
temporal bones, and the adjacent soft tissue. 

aterials and methods 

Twenty-eight rhesus monkeys (Mucaca mulatta) from the primate colony of the Cen- 
ter for Human Growth and Development, The University of Michigan, were used in this 
study. The animals were 18 to 24 months of age at the beginning of the experiment, as 
determined by the presence of a deciduous dentition and erupted first permanent molars.” 

Appliance design. Cast ticonium onlays I** 2o were fabricated for the upper and lower 
dentitions of each animal so that forward protrusion of the mandible was created without 
necessitating intermaxillary fixation (Fig. I). The appliance displaced the mandible ap- 
proximately 4 mm, in an anterior direction and 3 mm. in an inferior direction. Before 
cementation, the appliances were equilibrated to allow for maximum occlusal contact. 
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Fig,, 1. Schematic representation of the effect of the functional protrusion appliance on mandibular 
condylar displacement. 

Experimental design. The animals were divided into fourteen control animals and 
fourteen experimental animals. In order to monitor the sequence of adaptations occurring 
in the temporomandibular region, the experimental animals were killed on the following 
sch,edule: three animals at 2 weeks; two animals at 4. weeks; two animals at 6 weeks; one 
animal at 8 weeks; two animals at 10 weeks; three animals at 12 weeks; and one animal at 
24 weeks following appliance cementation. 

The animals were perfused with neutral buffered formalin, and tissue blocks were 
taken from the right and left temporomandibular joint regions. The blocks were decal- 
cified, embedded in paraffin, and sectioned serially in a sagittal orientation. 

Normal microanatomy of the mandibular condyle. The normal microanatomy and 
growth and development of the mandibular condyle have been reported for human beings 
by Wright and Moffett37 and for the rhesus monkey by Zimmermann38 and by Carlson and 
associates.4 Each study noted that the general features of the morphology and growth of 
the condyle were similar in both species. 

The cartilaginous covering of the mandibular condyle can be perceived as two distinct 
tissue layers. The articular tissue, which consists of dense fibroelastic connective tissue 
whose ‘collagen fibers are oriented parallel to the articular surface of the condyle, is 
continuous with the fibrous layer of the periosteum. The articular layer is avascular and 
contains only a small number of fibroblasts which, according to Kanouse and co- 
workers,‘j function primarily to maintain the articular tissue. The articular tissue generally 
varies in thickness along the condyle, increasing in thickness posteriorly. 

The subarticular cartilaginous region of the condyle is where the major growth of the 
condyle occurs. It can be further divided into two general layers-aprechondroblastic 
zone and a chondroblastic zone. The prechondroblastic zone lies immediately inferior to 
the articular layer and is continuous with the inner (osteogenic) portion of the periosteum. 



PSA PSG 

Fig. 2. Regions measured in the determination of cartilage thickness and condylar length. PA, Posterior 

articular cartilage; PG, posterior growth cartilage; PSA, posterosuperior articular cartilage; PSG, 
posterosuperior growth cartilage; SA, superior articular cartilage; SG, superior growth cartilage; CL, 
condylar length. 

it is the major site of chondrocytic proliferation. The chondroblastic zone contains the 
maturing chondrocytes which eventually hypertrophy and form the structure necessary for 
osteogenesis along the endosteal surface of the condyle. 

Condylar measurements. The method used in quantifying the histologic sections is 
similar to that described previously by Carlson and co-workers.’ Three midline sections, 
stained with hematoxylin and eosin, were selected for study. The histologic sections were 
magnified (X 10) and microprojected (X 4.5) onto a flat surface from a distance of 9 feet. 
Tracings were made of the structures in the temporomandibular joint region, emphasizing 
the articular tissue and the prechondroblastic-chondroblastic (growth) cartilaginous layer 
within the mandibular condyle. No attempt was made to delineate the prechondroblastic 
zone from the chondroblastic zone, since the gradual nature of their transformation made 
it difficult to identify a single boundary between these two regions. The thickness of the 
Iayers was measured perpendicular to the articular surface at the posterior, postero- 
superior, and superior regions (Fig. 2) along the circumference of the condyle.’ Finally, 
the length of the mandibular condyle was measured on lateral head films perpendicular to 
the posterior border of the ramus in order to determine whether or not alterations in 
over-all condylar size occurred during treatment (Fig. 2). 

Each of the three midline sections was traced and measured. The measurements were 
averaged for statistical evaluation, and the means and standard deviations were deter- 
mined in order to compare the experimental and control groups. Linear regressions were 
computed for each region of the condyle in the experimental animals to determine the 
association between the thickness of the condylar cartilage and duration of treatment. 

The error of the method for this procedure was determined in a previous study.’ A 
two-tailed t test failed to demonstrate any significant differences between the means of the 
original and retraced samples for any of the seven measurements considered. 
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Table I. Measurements of the length of the mandibular condyle and thickness of the 
articular layer and prechondroblastic-chondroblastic layers of the condylar cartilage 
in control and experimental rhesus monkeys 

Treatment intervals (weeks) 

Control 2 4 6 8 IO 12 24 
(N = 14) (N=2) (N=2) (N=2) (N=l) (N=2) (N=3) (N=l) 

Condylar 7.0 * 0.9 6.8 6.8 6.8 7.0 7.0 6.8 7.0 
length (0.5) (0.5) (0.5) (0) (0) (0.5) (0) 
(mm.1 

Articular tissue ( km) 
Posterior 100.0 2 20.7 141.1 93.1 116.3 170.5 98.5 129.8 65.8 

(43.5) (46.5) (46.5) (0) (20.2) (21.4) (0) 
Postero- 73.9 2 13.4 104.7 81.4 91.1 104.7 79.5 92.4 62.1 

superior (11.7) (23.2) (3.9) (0) (11.6) (36.8) (0) 
Superior 61.9 + 15.8 62.6 65.8 89.1 81.4 60.1 73.2 93.0 

(2.8) (23.0) (10.2) (0) (4.0) (17.9) (0) 
Prechondroblastic-chondroblastic cartilage ( pm) 
Posterior 219.9 k 81.8 734.1 527.2 620.2 372.1 244.2 311.4 209.3 

(26.3) (139.6) (364.3) (0) (139.6) (77.4) G-3 
Postero- 334.0 + 76.5 351.8 713.2 407.0 356.5 248.1 348.3 162.1 

superior (5.9) (170.5) (131.6) (0) (30.9) (164.7) (0) 
Superior 138.1 i 30.5 170.0 78.5 170.5 116.3 106.5 149.8 155.1 

(2.5) (5.8) (71.4) (0) (58.2) (124.0) (0) 

Means and standard deviations are reported for the control sample. Means and ranges (in parentheses) are 
reported for the experimental sample. 

Results 

The right temporomandibular joints of the untreated monkeys were examined and 
quantified to provide control data for the evaluation of temporomandibular joint adapta- 
tions following functional protrusion (Table I). 

Control sample. The temporomandibular joint region of the juvenile rhesus monkey 
(Fig. 3) includes the mandibular condyle, the articular disc, the articular eminence, and, 
in lateral sagittal sections, the postglenoid spine. The latter structure is not generally 
observed in man. 

As mentioned earlier, the cartilaginous covering of the mandibular condyle (Fig. 4) 
can be divided into two layers the articular tissue layer and the prechondroblastic- 
chondroblastic (growth) cartilage layer. The articular tissue varied in thickness along its 
circumference in the fourteen control animals but was thickest in the posterior region (100 
pm), becoming progressively less thick through the posterosuperior (73.9 pm), and 
superior regions (61.9 pm). 

The prechondroblastic and chondroblastic zones of the subarticular cartilage combined 
to form a relatively thick layer, indicating active cartilaginous growth. As evidenced by 
the thickness of the prechondroblastic zone alone and in combination with the chondro- 
blastic zone, growth was most active in the posterosuperior region of the condyle in the 
juvenile monkeys. The cartilage in the posterosuperior region (334.9 +m) was approxi- 
mately one and one half times as thick as that in the posterior region (219.9 pm) and 
almost two and one half times as thick as that in the superior region (138.1 pm). 



Fig. 3. Overview of the temporomandibular joint region in a control juvenile rhesus monkey (Macaca 
mulafta). C, Mandibular condy!e; D, articular disc; f, articular eminence; S, posterior glenoid spine. 
(Sagittal section. Hematoxylin and eosin stain. Magnification, x5.) 

Experimental sample. Although some of the experimental monkeys exhibited an 
articular tissue layer which was slightly thicker than the controls (Table I), there was no 
apparent relationship between variation in thickness and treatment or duration of 
treatment. 

Significant adaptive changes in the subarticular cartilage layer of the mandibular 
condyle were evident in every monkey. Considerable hyperplasia of the prechondro- 
blastic-chondroblastic cartilage layer was particularly evident in the posterior region of the 
condyle from the initiation of the experiment through the twelfth week posttreatment. 
Changes in the bony morphology of the postglenoid spine were also evident in many 
experimental animals. 

TWO-WEEK ANIMALS. Adaptive responses were observed in the mandibular condyle 2 
weeks posttreatment (Fig. 5). The principal area of adaptation was along the posterior 
border of the condylar cartilage, where an increase in the thickness of the growth cartilage 
layer was observed. Adaptations were also noted along the posterior border of the ramus, 
as indicated by the increase in the size of the posteriorly directed bony trabeculae present 
in that region. 

Resorption of bone occurred anteriorly under the attachment of the lateral pterygoid 
muscle, as normally occurs in growing animals. Since the over-all length of the condyle 
(Fig. 2) of the experimental animals did not differ from that of the controls, in spite of the 
increased posterior growth (Table I), one can infer that the rate of bone resorption an- 
teriorly was higher than would have normally occurred without experimental intervention. 
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Fig. 4. Condylar cartilage from an untreated juvenile rhesus monkey. A, Articular zone; P, prechondro- 

blastic (proliferative) zone; C, chondroblastic zone (zone of maturation and hypertrophy); E, region of 
endochondral bone formation. The posterior portion of the articular disc can also be observed adjacent 
to the articular tissue. (Sagittal section. Hematoxylin and eosin stain. Magnification, x40.) 

Extreme hyperplasia of the growth cartilage layer and hypertrophy of individual 
chondrocytes were noted in the posterior region of the mandibular condyle (Fig. 6). The 
mean thickness of prechondroblastic-chondroblastic layer in the posterior condylar region 
of monkeys with the functional protrusion appliance was 734.1 pm (Table I), approxi- 
mately three and one half times the mean thickness of the same region in the control 
monkeys. No significant differences between the experimental and control groups were 
observed for the posterosuperior and superior regions of the condyle. 

In addition to alterations in the condylar cartilage and posterior border of the ramus, 
deposition of new bone was observed along the anterior surface of the postglenoid spine 
(Fig. 7), a region that is normally resorptive. 

FOUR-WEEK ANIMALS. A pattern of response similar to that observed in the 2-week 
animals was noted in the two, 4-week posttreatment animals, with adaptations occurring 
in the posterior condylar region, along the posterior border of the ramus, and along the 
anterior border of the postglenoid spine (Fig. 8). Resorption of bone was also observed 
under the attachment of the lateral pterygoid muscle anteriorly. The over-all condylar 
length in both 4-week animals was not significantly different from control values 
(Table I). 

The prechondroblastic-chondroblastic cartilage was significantly hypertrophic in the 
pos,terior condylar region, with a thickness three times that seen in normal monkeys 
(Fig. 9 and Table I). Unlike the 2-week animals, by 4 weeks the posterosuperior region of 



Fig. 5. The temporomandibular joint region of a 2-week experimental animal. Note the increased 
thickness of the condylar cartilage and the proliferation of bone along the posterior border of the ramus. 
(Sagittal section. Hematoxylin and eosin stain. Magnification, x5.) 

the condyle was also thicker, exhibiting a 50 percent increase in growth cartilage thick- 
ness. The superior region of the condyle remained unaffected. 

Six-week unimals. The maximum response observed in any animal in the experiment 
was in one of the 6-week animals (Figs. 10 and 11). In contrast to the normal 200 pm 
thickness of the posterior growth cartilage, this animal (No. 539) demonstrated an over-all 
thickness of the subarticular condylar cartilage of 800 pm at 6 weeks. A proportional 
increase was also observed in the posterosuperior region, but the superior region was not 
affected (Table I). In this animal, a natural bone marker may be evident. Rapidly forming 
new bone often has a different staining characteristic than mature bone. As demonstrated 
in Fig. 12, it is possible to see a line (indicated by the arrows) which may represent the 
beginnings of an area of new, unremodeled bone which has been deposited secondarily in 
the area of the condyle. thus providing graphic evidence of the extent of condylar growth 
during the 6-week period. 

The other animal killed at 6 weeks responded in a manner similar to that to the first 
animal, although the magnitude of the cartilaginous response was less (Table I). 

EIGHT TO B-WEEK ANIMALS. While the growth cartilage continued to exhibit adaptive 
changes to the altered mandibular position beyond the 6-week interval, the degree of 
response became progressively less pronounced. The thickness of the growth cartilage in 
the posterosuperior region was within control values at 8 weeks. In the posterior region, 
however, an increased thickness of the growth cartilage remained evident through the 
twelfth week (Table I and Fig. 13). 
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Fig. 6. Tile condylar cartilage in a 2-week experimental animal. Note the increased proliferation of the 
cells in the prechondroblastic and chondroblastic zones. (Sagittal section. Hematoxylin and eosin stain. 
Magnification, x40.) 

By 2:4 weeks, the thickness of the growth cartilage and the morphology of the condyle 
as a whole in the experimental sample were indistinguishable from that in the controls. 
However, more detailed observation revealed an apparent increase in the number of cells 
in the prechondroblastic layer of the condylar cartilage (Fig. 14). 

Adaptive response of the prechondroblastic-chondroblastic cartilage layer of the 
specific regions of the condyle was evident within 2 weeks following cementation of the 
functional protrusion appliance. This adaptive response was most pronounced in the 
posterior region of the condyle, although there was also a significant increase in the 
thickness of the prechondroblastic-chondroblastic layer in the posterosuperior region as 
well. The superior condylar region was not significantly affected by the functional pro- 
trusion appliance. 

The specific extent and duration of the adaptive response of the growth cartilage to 
protrusive function is summarized graphically and statistically in a least-squares linear 
regression analysis (Fig. 15). Regression analysis demonstrated a clear association be- 
tween the thickness of the prechondroblastic-chondroblastic cartilage layer in both the 
posterosuperior region (r = -0.59, P < 0.05) and the posterior region (r = -0.75, 
P < 0.005) over the entire 24-week experimental period. This association was most 
apparent within the first 12 weeks of the experiment, as indicated both by the raw data and 
by lthe csorrelation between thickness and experimental interval following exclusion of the 



Fig. 7. Adaptations along the anterior border of the postglenoid spine CS) in a 2-week experimemal 
animal. Note the increased proliferation of new bone in this region, as well as the increase in the 
thickness of the condylar cartilage (C). (Sagittal section. Hematoxylin and eosin stain. Magnification, 
x25.) 

single data point in the 24week category in the posterior condylar region (1. = -0.8i, 

P < 0.001). 

Discussion 

The cartilage of the mandibular condyle is unlike most other cartilages of the body. 
Embryologically, it is not a derivative of the primary cartilaginous skeleton but, like the 
articular cartilage of the clavicle and the cartilages of the coronoid process and the mental 
region of the mandible, is secondary in origin.7* 8, 25. 26, 36 Biochemically, it is distinct 
from the other growth cartilages of both the craniofacial region and the appendicular 
skeleton.’ Morphologically, its various layers appear to be continuous with the two major 
layers of the periosteum along the neck of the condyle,4* 37 with the articular layer 
corresponding to the outer fibrous periosteum, and the prechondroblastic-chondroblastic 
layer corresponding with the inner osteogenic layer of the periosteum.” These observa- 
tions have led to the conclusion that the cells of the prechondroblastic zone and the 
preosteoblasts of the remainder of the periosteum of the mandible are homologous.“” 
Thus, since it is generally belheved that mechanical forces are capable of both stimulating 
and inhibiting periosteal osteogenesis, 24 it is not illogical to expect that alterations in 
mandibular function which result in an altered biomechanical or biophysical environment 
in the temporomandibular joint region ultimately lead to an adaptive response in the cells 
of the condylar cartilage. 

The results of this study provide quantitative data indicating that the morphology of 
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Fig. 8. Tl-te temporomandibular joint region of a 4-week experimental animal. Note the increased 
proliferation of the condylar cartilage, especially in the posterior and posterosuperior regions. (Sagittal 
section, Hematoxylin and eosin stain. Magnification, x5.) 

Fig. 9. The condylar cartilage from a 4-week experimental animal. (Sagittal section. Hematoxylin and 
eosin stain. Magnification, x40.) 



Fig. 10. The temporomandibular joint region in a &weeic experimental animal (No. 539). Note tne 
increased proliferation of the condylar cartilage posteriorly as well as the concomitant increase in bone 
deposition inferior to the condylar cartilage. (Sagittal section. Hematoxylin and eosin stain. Magnifi- 
cation, x5.) 

the growth cartilage (prechondroblastic-chondroblastic layers) of the mandibular condyie 
can be predictably influenced by alteration of the biomechanical and biophysical environ- 
ment of the temporomandibular joint. Functional protrusion of the mandible in growing 
rhesus monkeys led to an immediate adaptation within the growth cartilage resulting In 
a thickening of the prechondroblastic-chondroblastic layer, as well as an increase in bone 
deposition along tbe posterior border of the ramus immediately below the condylar 
cartilage. 

The adaptive changes were not uniform throughout the condylar cartilage but were 
primarily localized in the posterior region. Furthermore, the adaptations were clearly 
time-dependent. There was a dramatic increase in the thickness of the prechondroblastic- 
chondroblastic layer in the posterior region of the condyle during the first 6 weeks 
following placement of the protrusive appliance. After this time there was a gradual 
diminution of the response of the cartilage until, by the twenty-fourth week, the thickness 
of the prechondroblastic-chondroblastic layer among the experimental sample could not 
be distinguished from that of the controi animals. 

The time-dependent component of this adaptive response can be interpreted in two 
ways. First, the increase in the thickness of the condylar cartilage could be a transient 
phenomenon, resulting in no permanent increase in the length of the mandible as a whole 
or change in the size and position of the mandible relative to the rest of the craniofacial 
complex. Second, the localized increase in the thickness of the cartilage could indicate an 
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Fig. 11. The condylar cartilage in a 6-week experimental animal (No. 539). Note the extreme increase in 
the thickness of both the prechondroblastic and chondroblastic zones in comparison to a control 
(Fig. 3). (Sagittal section. Hematoxylin and eosin stain. Magnification, x40.) 

increase in both the rate and amount of proliferation of chondrocytes in the prechondro- 
blastic-chondroblastic layer, leading to an over-all increase in the size of the mandible. 

Related radioautographic and cephalometric studies indicate that the latter interpreta- 
tion is correct. In an analysis of a subsample of the monkeys used in the present study who 
were injected with tritiated thymidine prior to death,” not only was an increase in the 
number of dividing cells in the condylar cartilage noted, but there was also an increase in 
the number of preosteoblasts and osteoblasts in the endosteum. Furthermore, the type and 
distribution of labeled cells in the experimental animals relative to controls make it clear 
that the increase in cartilage proliferation is followed closely by an increase in both 
endochondral bone formation along the endosteal surface of the condyle and periosteal 
deposition along the posterior condylar neck and anterior postglenoid process. Since 
radiographic analysis of the experimental group in this study failed to indicate any gross 
distortion or enlargement of the condyle, the increased bone resorption along the anterior 
surface of the condyle and condylar neck must have occurred concomitantly with in- 
creased bone deposition along the posterior surface. The cephalometric analysis of similar 
animals in our initial study of this experimental modeli demonstrated a significant over- 
all increase in the length of the mandible, both in absolute terms and with respect to the 
maxilla. 

‘The adaptive response of the prechondroblastic-chondroblastic layer can also be 
evaluated1 as it relates to differences of the functional activity of the muscles of mastica- 



ig. 12. The mandibular condyie in a E-week experimental animal (No. 539). The differences in the 
staining characteristics of mature and new rapidly forming bone may be observed in this section 
!arrows). (Sagittal section. Hematoxylin and eosln stain. Magnification, x25.) 

tion. In previous electromyographic analyses of monkeys with functional protrusian 
appliances,‘“-Is, 21 we found that the animals tended to reposition the mandible more 
forward prior to ciosure in order to avoid appliance interference and occlusal trauma. 
Associated with the change in position of the mandible, the superior head of the lateral 
pterygoid muscle gradually increased in activity, with discharges evident during both 
functional movements and maintenance of postural position. The frequency of tonic 
discharges increased in successive recordings, usually reaching a maximum at 4 to 8 
weeks. These contractions most likely caused the anterior positioning and stabilization of 
the articular disc and head of the condyle along the articular eminence. The gradual 
disappearance of modified neuronmuscular patterns at about 8 weeks may be directly or 
indirectly correlated to the gradual skeletal adaptations that resulted from the experimental 
procedures. Specifically, it appears that as skeletal adaptations occur (that is, the mandibu- 
lar condyle becomes re-established structurally within the glenoid fossa), the need for 
compensatory muscle function is reduced. Thus, there seems to be a correlation in time 
between the appearance and disappearance of altered neuromuscular function, the activity 
of the prechondrobiastic-chondroblastic layer of the condyle, and the extent of skeletal 
adaptation. This series of experiments demonstrates the close relationship between form 
and function in the craniofacial region of the growing individual. 

Preliminary studies of intermaxillary traction and of intermaxillary fixation in growing 
animalszl indicate that the activity of the lateral pterygoid muscle per se may not be 
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Fig. 13. Temporomandibular joint region in a 12-week experimental animal. A slight amount of in- 
creased proliferation along the posterior border of the condyle is still evident in this animal. (Sagittal 
section. Hematoxylin and eosin stain. Magnification, x5.) 

necessary to produce an adaptive response in the temporomandibular joint region. These 
ongoing experiments indicate that the critical factor may be the alteration in the 
biomechanical or biophysical environment of the joint produced by either muscular or 
nonmuscular (for example, intermaxillary traction) forces which initiates the adaptive 
response in the temporomandibular region. 

One question cannot be answered by the present study: Can the ultimate length of the 
mandible be increased beyond what would have been expected without experimental 
intervention? However, a recent study by Petrovic and Stutzmann,32 in which hyper- 
propulsor devices were used on rats during their growth period has shown that there was a 
statistically significant increase in the over-all length of the mandibles of the experimental 
animals when compared to untreated controls after both groups had reached adulthood. 
Since the results of Petrovic and co-workers’ previous experiments have been similar to 
those of our monkey studies in the past, we expect that similar long-term studies in 
primates would yield similar results. 

SUMMARY AND CONCLUSIONS 

Twenty-eight juvenile rhesus monkeys (Macaca mulatta) were used in an experimen- 
tal study of temporomandibular joint adaptations to protrusive function. Cast maxillary 
and mandibular onlays which prompted the mandible to function in an anterior and 
inferior position were placed in fourteen animals, with additional animals used as con- 



Fig. 14. The temporomandiburar joint region of the 24-week experimental animal. Nthough the over-ail 
thickness of the condylar cartilage is not different from that of the control animals, there is an apparent 
increase in the number of cells in the prechondroblastic zone. This observation has been verified by 
radioautographic analysis.‘:3 ( Sagittal section. Hematoxylin and eosin stain. Magnification, x40.) 

trols. The experimenta! animals were killed at various intervals from 2 to 24 weeks 
following appliance placement. Adaptation in the temporomandibular joint region was 
analyzed qualitatively and quantitatively using sagittal histologic sections. 

Adaptive responses were observed in the prechondroblastic-chondroblastic (growth) 
layer of the condylar cartilage within 2 weeks following cementation of the appliance. 
They reached a maximum at 4 to 6 weeks and then gradually diminished in intensity after 
that time. The adaptive response was first observed along the posterior border of the 
mandibular condyle, with adaptations later occurring in the posterosuperior region. No 
alteration in the growth of the superior region of the condyle was observed. Regression 
analysis demonstrated a clear association between the thickness of the prechondroblastic- 
chondroblastic layer of the condylar cartilage and the interval following appliance 
placement. 

This study demonstrates that significant adaptive responses can occur in the mandibu- 
lar condyle of the juvenile rhesus monkey following alteration in the functional position of 
the mandible. Since the cartilage of the mandible condyle appears to be homologous to 
periosteum and not to the cartilages of the cranial base and long-bone epiphyses, one can 
hypothesize that the cartilage of the mandibular condyle is highly responsive to changes in 
the biomechanical and biophysical environment of the temporomandibular joint region 
during growth. The resuits of the study support this hypothesis. 
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Fig. 15. I-east-squares regression analysis of adaptive responses in the thickness of the three regions 

of the prechondroblastic-chondroblastic cartilage of the condyle relative to treatment duration. Data 
points for each experimental animal are indicated by an X. Stippled area indicates the range of condylar 

thickness to the first standard deviation in normal juvenile rhesus monkeys2 

We would like to acknowledge the technical assistance of Ms. M. Christine McBride and Ms. 
Jody Ungerleider. Illustrations are by Mr. William C. Brudon. 
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