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ABSTRACT Qualitative and quantitative data on the growth of the mandib-
ular condyle in the rhesus monkey (Macaca mulatta) are limited. The purpose of
this investigation was to provide such data, with emphasis on variation in the
size of the cartilaginous layers in the condyle and on condylar growth at five
maturational levels (i.e., neonate, infant, juvenile, adolescent and young adult).

Two regions of the mandibular condyle, the articular tissue and the pre-
chondroblastic-chondroblastic (growth) layer, were examined histologically
in 38 rhesus monkeys. The absolute area of the articular layer increased dra-
matically from the neonatal through the juvenile age groups and then decreased
gradually through the adult group. When the absolute values were expressed rel-
ative to condylar size, the first three maturational levels shared a common trend
of increasing growth of the articular layer, with a cessation of growth in this tis-
sue occurring during the adolescent period. This variation in articular layer tis-
sue is probably the result of progressive alteration in the function of the temporo-
mandibular joint.

The size of the prechondroblastic-chondroblastic (growth) cartilage increased
dramatically between the neonatal and juvenile age groups, and subsequently
decreased in older age groups. The relative thickness of the prechondroblastic-
chondroblastic cartilage reached its peak within the infant and juvenile levels,
being greatest in the posterior region among the infants and in the postero-supe-
rior region among the juveniles. This corresponds to previous investigations
which have shown that greater vertical growth of the rhesus monkey mandible
occurs during the infant period, while the direction of mandibular growth is more

horizontal in subsequent age groups.

The rhesus monkey (Macaca mulatta) re-
mains the most commonly used nonhuman
primate model for craniofacial growth in man.
Most studies of facial growth in primates,
however, involve experimental intervention
and are characterized by a limited number of
both experimental and control animals. Nor-
mal variation, especially during the growth
process, is impossible to ascertain reliably
using this approach. Thus, conclusions on nor-
mal craniofacial growth in monkeys from ex-
perimental studies may remain open to ques-
tion (Carlsson and Oberg, "74).

Several recent studies document normal
growth and development of the craniofacial
complex in the rhesus monkey (Duterloo and
Enlow, ’70; Elgoyhen et al, *72), with par-
ticular reference to the maxillary complex
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(McNamara et al.,’76) and the mandible (Tur-
pin, ’68; McNamara and Graber, '75). Detailed
descriptions of the normal microanatomy and
postnatal growth of the temporomandibular
joint in M. mulatta, however, are limited pri-
marily to unpublished master’s theses (Ziel-
inski, '65; Zimmermann, '71) or to experimen-
tal investigations with few control animals
(e.g., Hiniker and Ramfjord, '66; Cutler, ’68;
Norwich, ’69; Stéckli and Willert, *71).

The purpose of this investigation was to pro-
vide a quantitative description of the normal
microanatomy and growth of the tissues of the
mandibular condyle from the neonate through
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the young adult in the rhesus monkey. Em-
phasis was placed on the parameters of varia-
tion in the size of the cartilaginous layers in
the condyle and on the direction of condylar
growth at various age levels. These data are
necessary for a more complete understanding
of normal growth of the rhesus monkey, and
are essential for accurate interpretation of
facial growth following experimental inter-
vention.

Normal anatomy of the mandibular condyle

The tissue of the mandibular condyle in
mammals can be divided into two general
layers: (1) an articular tissue layer and (2) a
subarticular (growth) layer of cartilage (fig.
1). The subarticular layer can be further
divided into prechondroblastic and chondro-
blastic zones. Each of these layers is present in
the neonate and remains in the condyle
through maturity (Carlsson and Oberg, *74).
However, the absolute and relative size of
each of the three layers may vary considerably
depending on the overall rate of condylar
growth and on the functional requirements
placed on the temporomandibular joint. Ac-
cording to Cutler (68) and Zimmermann (71)
the general features of condylar growth and
morphology in the rhesus monkey and man
are similar.

Articular tissue. The articular layer con-
sists of a dense fibroelastic connective tissue
whose collagen fibers are oriented parallel to
the articular surface. It is largely avascular,
particularly in its central region. There are
only a few scattered fibroblasts present in the
articular layer, which apparently function
primarily in its maintenance rather than in
the actual growth process (Kanouse et al.,
'69). The articular tissue varies in thickness
along the condylar head, usually increasing in
thickness posteriorly. It is continuous with
the fibrous periosteum along the neck of the
condyle (Wright and Moffett, '74).

Prechondroblastic (proliferative) zone. Im-
mediately inferior to the articular layer, the
outer portion of the proliferative zone is com-
posed of undifferentiated mesenchymal cells
within a basophilic ground substance. The em-
bryonmic cells differentiate into chondrocytes,
appearing as densely packed, spindle-shaped
cells which increase in size and become in-
creasingly more separated due to continued
production of intercellular matrix within the
lighter-stained inner region of the prolifera-
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tive zone. Autoradiographic studies in the rat
(Blackwood, '66; Petrovic et al.,'75) and in the
monkey (Kanouse et al., '69; Joondeph, '72)
demonstrate that the outer portion of the
prechondroblastic zone is the principal site of
cell proliferation. As noted by Wright and
Moffett ('74), the proliferative zone is con-
tinuous with the inner osteogenic portion of
the periosteal membrane along the condylar
neck.

Chondroblastic (hypertrophic) zone. The
chondroblastic zone contains larger, spherical,
maturing chondrocytes arranged in an ap-
parently random fashion. Each cell is sur-
rounded by a basophilic halo (territorial ma-
trix). In growing animals, these cells hyper-
trophy, the nuclei become pyknotic, and the
cytoplasm is increasingly evacuated as the
cells are encroached upon the endosteal sur-
face of the condyle. The intercellular matrix
begins to mineralize within the innermost
three to five levels of hypertrophying cells,
and it is subsequently eroded by chondro-
clastic activity (Durkin et al., ’73). Osteo-
genesis takes place at the junction of the hy-
pertrophic zone and the endosteal surface
either by endochondral ossification (Black-
wood, *66; Wright and Moffett, '75) or, as sug-
gested by Durkin and co-workers (Durkin et
al,, '73), by means of a special type of intra-
membranous bone formation.

MATERIALS AND METHODS

Thirty-eight rhesus monkeys (Macaca mu-
latta) from the primate colony of the Center
for Human Growth and Development, The
University of Michigan, were divided into five
maturational levels for analysis. Animals
from the first age group, neonate (n = 3), were
obtained immediately post-partum. Theinfant
monkeys {(n = 6) had a complete deciduous
dentition at the time of death, and ranged in
known age from 6 to 12 months. The remain-
ing three groups were delimited on the basis
of dentitional development (Hurme and van
Wagenen, '53, ’61). Juveniles (n = 14) were
characterized by a complete deciduous denti-
tion and had their first permanent molars in
full occlusion. These monkeys ranged in age
from 18 to 30 months. The adolescent animals
(n = 8) had a full permanent dentition, with
the exception of unerupted third molars and
were four to five years of age. The animals in
the young adult (n = 7) group possessed com-
plete permanent dentitions, including fully
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Fig. 1A General view of the right temporomandibular joint in juvenile Macaca mulatta, oriented according
to the occlusal plane. External acoustic meatus (EAM), post-glenoid spine (PGS), mandibular condyle (C), artic-
ular disc (D), articular eminence (AE), mandibular fossa (F). Hematoxylin and eosin (X 8), sagittal section.

B The zones of the condylar cartilage: (A4) articular zone; (B) prechondroblastic (proliferative) zone;
(C) chondroblastic zone (zone of maturation and hypertrophy); (D) region of bone deposition. Hematoxylin and
eosin, sagittal section. X 40,

erupted third molars, and were seven or more diographs were taken, using a cephalostat es-
years of age. pecially designed for the laboratory monkey,

A lateral cephalogram of each monkey was at a distance of 155 cm (Elgoyhen et al., *72;
obtained immediately prior to death. All ra- MecNamara, '72).
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Following perfusion with saline and phos-
phate-buffered formalin the right temporo-
mandibular joint and its surrounding tissues
were removed and placed in neutral buffered
formalin. The tissue block was washed and de-
calcified in formic acid, embedded in either
celloidin or paraffin and sectioned serially in
the sagittal plane at 10 to 20 micrometers.
Three midline sections were selected for study
and stained with hemotoxylin and eosin. His-
tological sections were magnified (X 10) and
microprojected (X 4.5) onto a flat surface
from a distance of nine feet. Tracings were
made of the temporomandibular joint struc-
tures, emphasizing the articular tissue and
the prechondroblastic-chondroblastic carti-
lage layer within the mandibular condyle. No
attempt was made to delineate the pre-
chondroblastic zone from the chondroblastic
zone since the gradual nature of their trans-
formation made it difficult to identify a single
boundary between these two regions.

Measurements (fig. 2)

Maximum length of the mandibular condyle
was measured perpendicular to the posterior
border of the ramus on the lateral cepha-
lograms. The total areas occupied by the artic-

Fig. 2 Linear measurements recorded for the mandibu-
lar condyle. The orientation is the same as in figure 1. Max-
imum condylar length (CL) was measured perpendicular to
the posterior border of the ramus on lateral cephalograms.
Thicknesses of the articular tissue and prechondroblastic-
chondroblastic (growth) cartilage were measured perpen-
dicular to the articular surface superiorly (SA, superior ar-
ticular tissue; SG, superior growth cartilage), postero-supe-
riorly (PSA, postero-superior articular tissue, PSG, postero-
superior growth cartilage), and posteriorly (PA, posterior
articular tissue; PG, posterior growth cartilage).
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ular tissue and by the prechondroblastic-chon-
droblastic cartilage were determined from the
tracings of each histological section using a
compensating polar planimeter. Thicknesses
of the layers were measured perpendicular to
the articular surface at the superior, postero-
superior, and posterior regions around the cir-
cumference of the condyle. In order to account
for variation in tissue area and thickness due
to general body size, area measurements were
divided by condylar length, squared, and
thickness values were divided by condylar
length.

Observations were recorded for each of
the three midline sections per condyle and
were then averaged for statistical evaluation.
Means and standard deviations were deter-
mined to evaluate variation within each
maturational level. One-way analysis of vari-
ance, non-simultaneous two-sample F-tests
and two-sample Student’s ¢-tests were com-
puted to determine the significance of in-
tergroup differences for this sample.

One-half of the total sample (n = 19) was
retraced and remeasured independently to
determine the error of the method. A two-
tailed z-test failed to demonstrate any signifi-
cant differences between the means of the
original and retraced subsamples for any of
the 17 measurements.

FINDINGS

Summary statistics for each variable are re-
ported by maturational level in table 1. The
significance of mean differences and variation
between maturational levels are reported in
table 2.

Condylar length

The overall size of the condyle increased
greatly with age, and exhibited relatively lit-
tle variation in length between individuals
within the same age level (fig. 3). The greatest
increase in condylar length took place be-
tween juvenile and adolescent groups (38%),
followed by the change between the adoles-
cent and adult maturational levels (31%). The
differences among the group means were sig-
nificant (P<0.01).

Articular tissue

The absolute area of the articular layer in-
creased from the neonate through the juvenile
age groups (P<0.01). After reaching a mean
peak of 529.6 square micrometers in the
Juvenile group, the articular layer decreased
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TABLE 2

Non-gsimultaneous significance levels for the two-tailed t test (t) testing equality of means between maturational
groups, and two sample F-test (F) testing equality of variance between maturational levels

Maturational level pair

Variable
LI I v 8% LT IV v OLIV - LV VY
Condylar length t? t? t? t? t? t? t? t? t? t?
Articular tissue area t! t? t! F! t? - F! - - -
Growth cartilage area - t? - - t2 - - F? t? —
Posterior articular tissue
thickness - F? — — — - — F! F! -
Postero-superior articular
tissue thickness - t! - - t? t? t!'F!? F! F? -
Superior articular tissue
thickness F! - F! t,' I — - - - - —
Posterior growth cartilage
thickness t? t! F? - F! F? - — - —
Postero-super. growth
cartilage thickness —_ t? — - t? - - F! F! -
Superior growth cartilage
thickness - t? F! tF! - - - F! - -
Articular area/CL? - - - t? - - t'F! t? t2 ., -
Growth cartilage area/CL? - F! - F? F? - F? — t? -
Posterior articular tissue
thickness/CL - t'F? - F! t! t! t2F! - F! -
Postero-super. artic. tissue
thickness/CL - t! - t? - - — t! t! -
Superior articular tissue
thickness/CL F! - t! t? - - - t! t! -
Posterior growth cartilage :
thickness/CL - - - t! - - t? — t? -
Postero-super. growth cart.
thickness/CL - - - - F? - F! - t? -
Superior growth cartilage
thickness/CL - - - — F? - - — - —
1 P<0.05.
1P<0.0L.
140 gradually in absolute area through the adult
level (fig. 4A).
130 A slightly different pattern of change in the
120 articular tissue emerged once the absolute
— values were divided by condylar size (CL?2).
E 1O Although the mean changes between the
I younger age groups were less marked, the var-
5 100 iability within each age level was increased
z 0 (fig. 4B). There was a small increase in area
u o relative to condylar size between the neonates
T 80 and infants, and a slightly greater decrease in
o relative area from the juvenile to the adult
2 70 levels. According to this pattern, the first
o three maturational levels shared a common
© 60 trend of increasing growth of the articular
50 layer relative to condylar size, with a cessa-
tion of growth in the articular tissue occur-
40 ring during the adolescent period.
I The thickness of the articular layer varied

I I I Y
MATURATIONAL LEVEL

Fig. 3 Bar graph demonstrating means and standard
deviations, in condylar length by maturational level: I, neo-
nate; II, infant; III, juvenile; IV, adolescent; V, young
adult.

considerably within individuals and between
maturational levels. The superior and postero-
superior regions of the condyle exhibited a
general trend between increasing thickness
with age when absolute values were con-
sidered, while the posterior region appeared to
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Fig. 4 Bar graphs indicating means and standard deviations for: (A) absolute values for the area occupied by
the articular tissue, and (B) articular tissue area divided by CL.
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Fig. 5 Bar graphs of means and standard deviations for: (A) thickness of the articular tissue in the posterior,
postero-superior, and superior regions of the condyle for each maturational level, and (B) thickness of the articu-

lar tissue in each region divided by condylar length.

change very little and apparently randomly
between levels (fig. 5A). Expressing articular
tissue thickness relative to the size of the con-
dyle, however, revealed that there was a trend
for a relative decrease in the thickness of the
articular layer at all regions during growth
(fig. 5B). These changes were most significant
(P<0.01) at the postero-superior and poster-
ior regions.

Evaluation of the relative thickness of each
of the three regions of the condyle by age
group indicated the general pattern of growth
change in the articular layer (fig. 6). The pos-
terior aspect of the condyle had the thickest

articular tissue at every maturational level.
However, its contribution to the total thick-
ness of the articular layer decreased during
growth from approximately 50% in neonates
and infants to 36% in adults. The postero-supe-
rior and superior aspects increased in their
relative contribution to the thickness of the
articular layer with age; from approximately
30% and 25% in the neonates to 40% and 30%
among adults respectively.

Prechondroblastic-chondroblastic
(Growth) cartilage

The size of the growth cartilage, i.e., the
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Fig. 6 Bar graphs indicating the percentage of the total articular tissue thickness accounted for by each of
the three regions of the condyle at five maturational levels. Percentages were determined by dividing the thick-
ness of each region of the articular layer (PA, PSA, and SA) by their sum, and multiplying by 100.
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Fig. 7 Bar graphs indicating means and standard deviations for: (A) absolute values for the area occupied by
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combined proliferative and hypertrophying
zones, was considerably greater than that of
the articular layer in every individual stud-
ied. As with the articular tissue, the total
area of the prechondroblastic-chondroblastic
cartilage for each histological section in-
creased dramatically between the neonate
and juvenile age groups, and subsequently de-
creased almost as abruptly through the adult
level (fig. 7A). Despite considerable variation
within each maturational level, there were
significant differences between the mean for
the juveniles and the means for most of the
other groups for prechondroblastic-chondro-
blastic area.

Expressing the area of the prechondro-
blastic-chondroblastic layer as area per condy-
lar length squared, a much different trend
emerged (fig. 7B). The neonates, infants, and
juveniles were all very similar with respect to
relative area. As with the articular tissue,
however, there was a sharp decrease in pre-
chondroblastic-chondroblastic area relative
to condylar size among the adolescents and
adults.

The actual thickness of the prechondroblas-
tic-chondroblastic cartilage varied according
to two general patterns during growth. The
growth layer at the superior aspect of the con-
dyle increased in thickness in approximately
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linear fashion with time (fig. 8A). Thicknesses
in the postero-superior and posterior regions,
on the other hand, tended to increase rapidly
during the earlier ages, and then decrease at
the later age levels. The cartilage in the
postero-superior region reached its thickest
point among the juveniles and became pro-
gressively thinner through the adolescent and
adult age groups. In the posterior region, the
most dramatic increase in thickness (44.5%)
took place between the neonates and infants.
The infant, juvenile, and adolescent matura-
tional levels remained very similar in mean
thickness, although increasing in variation
within groups. Posterior thickness then de-
clined sharply through the adult age group.
Expressed relative to the length of the man-
dibular condyle, each of the three regions ex-
hibited similar patterns of variation in thick-
ness during growth (fig. 8B). The superior
region and posterior region reached their
greatest relative thickness during the infant
period, and subsequently declined gradually
through the adult group. The postero-superior
region became steadily thicker relative to con-
dylar size through the adults. Only the pos-
tero-superior and posterior regions exhibited
growth changes that were statistically signifi-
cant, although the similarity of pattern for all
regions of the condyle lends credence to the

POSTERO-
20 SUPERIOR

60—

| POSTERIOR
50—

40 SUPERIOR

30

20

PRECHONDROBLASTIC-CHONDROBLASTIC THICKNESS (um}CL

IImNY

INMNY
B

INNMNY

Fig. 8 Bar graphs of means and standard deviations for: (A) thickness of the prechondroblastic-chondro-
blastic cartilage in the posterior, postero-superior, and superior regions of the condyle for each maturational
level, and (B) thickness of the prechondroblastic-chondroblastic cartilage in each region divided by condylar

length.
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Fig. 9 Bar graphs indicating the percentage of the total prechondroblastic-chondroblastic cartilage thick-

m

ness accounted for by each of the three regions of the condyle at five maturational levels. Percentages were
determined by dividing the thickness of the prechondroblastic-chondroblastic layer of each region of the condyle
(PG, PSG, and SG) by their sum, and multiplying by 100.

changes seen during growth in the superior re-
gion as well.

The prechondroblastic-chondroblastic car-
tilage in the postero-superior aspect of the
condyle remained both absolutely and rela-
tively the thickest of the three regions from
birth, becoming most prominent relative to
the posterior and superior regions during the
juvenile maturational level (fig. 9). It ap-
peared from the histological sections that the
proliferative zone accounted for a large part of
the thickness in this region, especially during
the juvenile period. The posterior region was
the next thickest from birth through adoles-
cence, reaching its thickest point relative to
the rest of the condylar regions during the
infant phase. The prechondroblastic-chon-
droblastic cartilage remained in evidence
through the adult maturational level, and
exhibited a more even tissue distribution
among all three regions than previously at
this time.

Summary

In summary, the growth patterns associated
with the articular and prechondroblastic-
chondroblastic layers of the mandibular con-

dyle of the rhesus monkey exhibited two
major differences. Although similar patterns
of change in relative areas were observed from
the neonates through young adults, the layers
differed with respect to relative thickness at
specific regions of the condyle and at each
maturational level. The articular tissue and
growth cartilage remained roughly stable in
relative area through the first three age
levels, then decreased markedly through the
adolescent and young adult periods. The
greatest relative thickness of the articular tis-
sue occurred in the posterior aspect of the
neonatal condyle, and was characterized by a
gradual decrease at all regions with age, with
the greatest proportional decrease occurring
in the posterior region. Relative thickness of
the prechondroblastic-chondroblastic car-
tilage reached its peak within the infant and
juvenile levels, being greatest in the posterior
region among the infants and in the postero-
superior and posterior regions among the
juveniles.

DISCUSSION

The results of this analysis are in general
agreement with the description of temporo-
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mandibular joint growth in juvenile through
adult macaques and the limited quantitative
data for the thickness of the tissue layers re-
ported by Zimmerman (71). Specifically, Zim-
mermann stated that in monkeys between the
ages of 18 and 24 months the articular tissue
ranges from 40 to 90 micrometers thick, and is
approximately 70 micrometers thick under
the center of the articular disc. The means re-
ported here range from about 62 to 105 micro-
meters for the articular layer as a whole,
while the growth cartilage near the center of
the disc has a mean thickness of approximate-
ly 74 micrometers for the same age level.
The combined prechondroblastic-chondroblas-
tic zone, according to Zimmermann, ranges
from approximately 320 to 400 micrometers
thick postero-superiorly and 225 micrometers
superiorly in the 18- to 24-month group. The
juveniles in the present study had means of
approximately 335 micrometers and 138 mi-
crometers for the postero-superior and superi-
or thicknesses respectively.

Articular tissue growth

The factors which cause variation in thick-
ness of the articular tissue are not entirely
clear. However, the age-related trends de-
scribed here do suggest some associations
which may account for change in the articular
tissue when viewed in light of the structure
and function of the temporomandibular joint.

Although similar in many respects to ar-
ticular cartilage elsewhere in the body, the
articular tissue of the mandibular condyle
possesses properties which are structurally
and functionally unique. Beginning as a fi-
brous connective tissue continuous with the
outer layer of the fibrous periosteum, the ar-
ticular tissue of the mandibular condyle is
transformed into fibrocartilage in those re-
gions of greatest mechanical stress (Moffett
et al., '66). Most articular cartilages function
to absorb and alleviate compressive forces
within joints. They are not well adapted to
alleviating shearing forces. The articular sur-
face of the mandibular condyle is subject to
both compressive and shearing forces, how-
ever, since the condyle undergoes anterior and
posterior translation during various phases of
the masticatory cycle. Fibrous articular tissue
is capable of withstanding both types of
forces; and becomes more fibrocartilaginous
in nature in the areas of maximal compressive
forces, i.e., along the antero-superior surface
of the condyle and the postero-inferior surface
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of the articular eminence in humans (Wright
and Moffett, 74}, while remaining fibrous in
areas of maximal shearing stress.

Several researchers have noted that articu-
lar surfaces are active sites of growth and
remodeling throughout life (Johnson, ’59;
Moffett et al., ’66; Radin et al., 72; Carlsson
and Oberg, ’74). Articular tissues are high-
ly adaptive to mechanical demands, with
changes in function and associated mechani-
cal stresses throughout life resulting in al-
tered articular contour and size. Moffett ('66)
noted, for example, that there is no correlation
between articular remodeling and age in the
temporomandibular joint and that the con-
tour and thickness of the articular tissue is
dependent primarily on jaw function and den-
tal development. This observation is consist-
ent with the fact that articular cartilage in
other joints is thickest in areas of maximal
stress (Johnson, '59). The mechanism by
which articular tissue becomes thicker in spe-
cific areas is unclear, although it is known
that articular cartilage becomes more active
during use, and that its thickness increases as
much as 10% due to increased water content of
the surface layers in regions of greatest me-
chanical stress (Ekholm, ’55; Ekholm and
Norbach, '51).

The above information suggests that the
variation in articular layer thickness within
and between maturational levels reported
here is probably the result of progressive al-
teration in the function of the temporoman-
dibular joint. According to this hypothesis,
the forces transmitted through the temporo-
mandibular joint in younger monkeys should
be greatest in the posterior region of the con-
dyle, and should become more superiorly di-
rected during maturation.

Supportive evidence for the hypothesis that
variation in articular tissue thickness dur-
ing growth in monkeys is due primarily to
changes in the forces through the condyle
comes from recent studies of temporoman-
dibular joint anatomy and of the function of
the muscles of mastication in young and adult
rhesus monkeys. As in human infants, the
temporomandibular joint in young monkeys is
characterized by a shallow mandibular fossa
and a relatively flat articular eminence (Zie-
linski, ’65; Biegert, '56). In humans, the man-
dibular fossa deepens and the articular emi-
nence becomes more pronounced by two years
of age (Wright and Moffett, '74). The articular
eminence becomes only slightly more pro-
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nounced in the juvenile monkey, however, re-
maining relatively flat throughout life. Also
unlike humans, the monkey temporomandibu-
lar joint is characterized by a prominent post-
glenoid spine (fig. 1) which, in young animals,
undergoes bony resorption along its anterior
surface (Zielinski, '65; Cutler, '68; Zimmer-
mann, '71). According to Zimmermann ('71),
the presence of a prominent post-glenoid spine
and resorption along its anterior surface indi-
cate that there may be contact between the
condyle and the posterior region of the man-
dibular fossa in the monkey. The close prox-
imity of the condyle and post-glenoid spine is
most apparent in the younger animals, with
the condyle becoming progressively more an-
teriorly located through adulthood (Zimmer-
mann, '71). This positional change within the
temporomandibular joint may be due to either
an increase in the thickness of the posterior
component of the articular disc, the influence
of the dentition during the development of oc-
clution, or both.

Recent electromyographic studies of masti-
cation in monkeys also indicate distinct age-
related differences in function which could in-
fluence the direction and degree of forces
being transmitted through the temporoman-
dibular joint. Infant monkeys are charac-
terized by a dominance of the anterior compo-
nent of the temporalis muscle during the clos-
ing phase of the chewing stroke (McNamara,
'74). Beginning with the juveniles, there is a
trend for the masseter muscle and, to a lesser
degree, the posterior component of the tem-
poralis muscle to become more active during
mandibular elevation. By the young adult pe-
riod, the masseter muscle is clearly dominant
during jaw closure, with the posterior fibers of
the temporalis muscle being recruited only
during forceful chewing.

In addition to changes in function, the mor-
phology of the muscles of mastication under-
goes progressive alteration during matura-
tion. For example, the temporalis muscle in
younger animals is relatively smaller and
more fan-shaped than in adolescents and
adults. Its anterior component originates
more posteriorly along the cranial vault, ex-
panding anteriorly concomitant with the de-
velopment of the post-orbital bar in juvenile
monkeys. The net effect of this morphological-
functional change is probably most apparent
in the direction of muscle action during masti-
cation. The direction of muscle pull in the
temporalis muscle of young animals should
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be more posterior, producing the greatest
amount of stress within the temporomandibu-
lar joint in the posterior aspect. During
maturation, the anterior component of the
temporalis muscle develops anteriorly and the
masseter muscle becomes more dominant dur-
ing mastication, thus increasing the anterior
component of muscle action, resulting in rela-
tively greater compressive forces on the an-
tero-superior region of the condyle.

It is clear that the gross morphology of the
temporomandibular joint and the structure
and function of the muscles of mastication in
the rhesus monkey undergo regular change
with age. The data presented in this analysis
indicate the additional presence of regional
and age-related changes in the thickness of
the articular tissue. It is probable that all of
these changes in the rhesus monkey are
causally interrelated. Alteration of the mor-
phology of the temporomandibular joint and
of the muscles of mastication, functional
change in the mandibular elevators during
mastication, and change in the relative thick-
ness of the articular tissue all occur during
the juvenile-adolescent maturational levels.
It is also during this period that there is a
mixed dentition, which may be an additional
component of the age-related variation in the
rhesus monkey masticatory complex.

Prechondroblastic-chondroblastic
cartilage growth

Variation in the thickness of the prechon-
droblastic-chondroblastic cartilage between
maturational levels and at different regions
along the condyle can be accounted for by con-
sidering the growth of the mandible in the
rhesus monkey and the role of the condylar
cartilage during this growth process.

The prechondroblastic-chondroblastic car-
tilage is a principal site of adaptive growth.
Recent experimental research demonstrates
that the role of the growth cartilage within
the condyle is to maintain the functional in-
tegrity of the temporomandibular joint during
translation of the mandible downward and
forward during craniofacial growth (Stockli
and Willett, '71; McNamara, '72, '73; Petrovic
et al, ’75). Furthermore, the apparently
haphazard arrangement of the cells within
the prechondroblastic and chondroblastic
zones suggests that the condyle has the capac-
ity for multidirectional growth and, thus,
possesses the potential for relatively rapid
adaptation to altered mandibular position or
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function. These data indicate, in fact, that the
prechondroblastic - chondroblastic cartilage
would be relatively isogonous in the absence of
constraints placed upon it by extrinsic factors,
such as biomechanical forces during jaw func-
tion, as well as by the developing dentition
and altered occlusion. Thus, the way to ex-
plain variation in the thickness, i.e., activity,
of the prechondroblastic-chondroblastic car-
tilage is to examine the growth of the maxillo-
mandibular complex as a whole.

A recent study by Bjérk and Skieller (72)
has provided a detailed account of the rotation
of the jaws which characterizes facial growth
in humans. They noted that in humans there
is normally a forward rotation of the maxillo-
mandibular complex during growth, i.e., a pos-
terior opening due to a decreased angulation
of the occlusal plane relative to the nasion-
sella line. However backward rotation, i.e., a
posterior closing due to an increased angula-
tion of the occlusal plane, does occur in some
individuals. Compensatory remodeling in both
instances takes place along the inferior border
of the mandible, principally in the symphyseal
region and in the anterior portion of the cor-
pus. Bjérk and Skieller further noted that the
rate and direction of condylar growth are
strongly correlated with the rotation of the
mandible.

The geometry of the rotations described by
Bjork and Skieller and the compensatory
changes at the condyles may not be immedi-
ately obvious. According to these authors, dur-
ing forward rotation of the mandible, the cor-
pus “pivots” about either the incisors or the
premolars, probably as a result of a greater ex-
tent of eruption of the molars than the in-
cisors, causing the occlusal plane to become
more open posteriorly relative to the cranial
base. This posterior opening of the occlusal
plane causes the symphyseal region of the
mandible to be translated anteriorly, result-
ing in a distal displacement of the condyle and
stimulating growth of the condyle in a superi-
or direction. During backward rotation, the
mandible “pivots” about the molar region due
to a greater eruption of the incisors relative to
the premolars and molars, thus closing the oc-
clusal plane posteriorly. This type of rotation
translates that symphyseal region inferiorly
and posteriorly, causing the condyle to be dis-
placed anteriorly and stimulating posterior
growth of the condyle. These data indicate
that the growth of the condyle is intimately
related to the alterations in its position within
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the temporomandibular joint, such that the
rate and direction of condylar growth is large-
ly compensatory to the translation of the con-
dyle which is brought about by the rotation of
the jaws.

Recent studies demonstrate that cranio-
facial growth in the rhesus monkey is also
characterized by a rotation of the jaws. How-
ever, the direction of the rotation is less vari-
able in the monkey than in humans. Mc-
Namara and Graber ('75) and McNamara et
al. (76) noted that the rhesus monkey exhib-
its only a forward rotation of the maxillo-man-
dibular complex during growth. Consistent
with the findings of Bjork and Skieller ("72),
forward rotation in the rhesus monkey tends
to be masked by greater bone growth and re-
modeling in the symphyseal region and along
the anterior aspect of the inferior border of
the mandible than along the posterior aspect,
and by a greater vertical migration of the
mandibular teeth posteriorly than anteriorly.

Forward rotation of the maxillo-mandibular
complex during growth leads to a dominance
of the anterior component of growth of the
mandible in the rhesus monkey. Nevertheless,
there is a regular pattern of variation in the
growth of the condylar region which incorpor-
ates a vertical trend as well (McNamara and
Graber, '75). Infant monkeys exhibit a trend
toward greater vertical growth of the mandi-
ble, while maximum horizontal growth of the
mandible occurs during the juvenile matu-
rational level. This is manifested cephalo-
metrically by a relatively greater posterior
growth of the condylar region among the
infants, and a relatively greater postero-supe-
rior growth during the juvenile period.

The results of this analysis support the data
reported by McNamara and co-workers for
craniofacial growth in M. mulatta when con-
sidered in light of the associations between
the developing dentition, condyle, and rota-
tions of the jaws reported by Bjérk and
Skieller ('72). The tendency for greater verti-
cal growth of the rhesus monkey mandible
during the infant period is confirmed by the
fact that the relative thickness of the poste-
rior prechondroblastic-chondroblastic car-
tilage is greatest during this time, and that it
gradually tapers off during successive age
groups. The postero-superior region of the
growth cartilage is thickest at every matura-
tional level; however, it reaches its maximal
relative thickness during the juvenile period.
It is during this period that the forward rota-
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tion of the mandible in the rhesus monkey is
greatest. Relative thickness of the cartilage in
the postero-superior region and anterior
growth of the mandible both gradually dimin-
ish during the adolescent and young adult
maturational levels.

CONCLUSION

This study provides qualitative and quan-
titative data on the growth of the mandibular
condyle from birth through young adulthood
in rhesus monkeys. These data may be used as
baseline values in comparison with histolog-
ical data from experimental studies of cra-
niofacial growth.

There are at least two major conclusions
which can be drawn from this analysis.

(1) Despite considerable intragroup varia-
tion, it is clear that the rate and direction of
growth of the articular tissue and of the pre-
chondroblastic-chondroblastic layers of the
mandibular condyle undergo relatively regu-
lar variation between maturational levels.
Relative area of the condylar tissue layers is
similar among the neonates, infants and
juveniles, and decreases in the adolescent and
young adult groups. Relative thickness of the
articular tissue is greatest posteriorly in the
neonate, becoming proportionately thinner in
this region during growth. The rate of condy-
lar growth in the prechondroblastic-chondro-
blastic layer is greatest among the infants
and juveniles, with the infant condyle being
characterized by relatively greater posterior
growth and the juveniles being characterized
by greater growth in a postero-superior di-
rection.

(2) The associations between these data and
other developmental aspects of craniofacial
growth in the rhesus monkey suggest causal
interrelationships which may account for the
rate and direction of condylar growth. It is hy-
pothesized that variation in the thickness of
the articular tissue is due primarily to mor-
phological and functional changes in the tem-
poromandibular joint during growth. Finally,
it is suggested that the rate and direction of
growth of the prechondroblastic-chondroblas-
tic cartilage of the condyle are largely a result
of the normal rotation of the maxillo-mandib-
ular complex and associated dental develop-
ment during craniofacial growth.
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