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Histological Changes in the Articular Eminence and Mandibular 
Fossa During Growth of the Rhesus Monkey (Macaca mulatta) 
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ABSTRACT Unlike the mandibular condyle, the temporal component of 
the temporomandibular joint (TMJ) has been the object of relatively few inves- 
tigations concerning its growth and remodeling. This report provides qualita- 
tive and quantitative documentation of microanatomical changes in the 
mandibular fossa and articular eminence during growth of the rhesus monkey 
(Macaca mulatta). The thickness of the fibrous articular tissue and the presence 
of cartilage cells in its deeper layers were examined histologically in 43 rhesus 
monkeys at five maturational levels (neonate, infant, juvenile, adolescent, and 
young adult). Absolute thickness of the articular tissue increased with matu- 
rational level in all areas studied, with the increase somewhat more pro- 
nounced on the posterior slope and crest of the articular eminence than in the 
roof of the mandibular fossa. Relative to condylar size, an increase in articular- 
layer thickness characterized the first three maturational levels, and was 
followed by a decrease during adolescent and young-adult stages. Articular 
tissue in the fossa roof constituted a steadily decreasing fraction of the total 
articular-tissue thickness with age, while relative thickness of the tissue on 
the posterior slope and crest of the eminence increased with age. These results 
parallel those obtained for the mandibular condyle, and they are best inter- 
preted to indicate that forces delivered to the joint become directed more 
anteriorly with age. The overall pattern of topographical variation in articular- 
tissue thickness and cartilage-cell distribution suggests that greater loading of 
the lateral aspect of the TMJ, postulated in the human TMJ by various 
workers, may not be as pronounced in the monkey. 

In recent years, a number of studies have 
investigated the role of the temporomandib- 
ular joint in craniofacial growth and adapta- 
tion. With few exceptions, studies of the tem- 
poromandibular joint have concentrated on 
changes in the mandibular condyle. This fo- 
cus is understandable in terms of both the 
contribution of the condylar cartilage to nor- 
mal facial growth and its potential for com- 
pensatory growth in response to altered 
occlusion. The temporal component of the 
temporomandibular joint, which is thought 
to possess a much more limited adaptive po- 
tential, has been much less studied. How- 
ever, there are indications that the temporal 
component of the temporomandibular joint, 
as with the condyle, may undergo morpho- 
logical change in response to occlusal pertur- 
bations and altered jaw function. In adult 
humans, changes in the contours of the artic- 
ular eminence have been correlated with in- 

creasing dental attrition or loss of posterior 
teeth (Moffett et al., 1964; Seward, 1976; 
Granados, 1979; Hinton, 1981); and it is pos- 
sible that changes during growth are also 
influenced by orofunctional stimuli. 

The rhesus monkey (Macaca mulatta) has 
been utilized extensively as an animal model 
in many experimental studies of facial 
growth because of similarities in craniofacial 
form with humans. However, even in this 
species information concerning growth of the 
mandibular fossa and articular eminence is 
sparse. Aside from comments incidental to 
experimental investigations (e.g., Hiniker 
and Ramfjord, 1966; Stockli and Willert, 
1971; McNamara, 1972), detailed descrip- 
tions of the normal microanatomy and post- 
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natal growth of the temporal-component joint 
structures in Macaca mulatta are limited to 
unpublished master’s theses (Zielinski, 1965; 
Zimmermann, 1971). Moreover, with the par- 
tial exception of that of Zimmermann (19711, 
all accounts are essentially qualitative. 

This investigation was undertaken to pro- 
vide a quantitative description of the normal 
microanatomy and growth of the tissues of 
the mandibular fossa and articular eminence 
from the neonate through the young adult in 
the rhesus monkey (Macaca rnulatta). In ad- 
dition to their potential interest in terms of 
connective-tissue biology, these data should 
constitute a baseline against which changes 
brought about by experimental intervention 
can be assessed. 

NORMAL ANATOMY OF THE MANDIBULAR 
FOSSA AND ARTICULAR EMINENCE 

The temporal component of the temporo- 
mandibular joint consists of a mandibular 
(glenoid) fossa, bordered anteriorly by the ar- 
ticular eminence and posteriorly by the post- 
glenoid spine (Fig. 1). In overall appearance, 
the joint structures in the rhesus monkey 
bear 3 marked resemblance to those in hu- 

mans. However, the postglenoid spine is 
much more strongly developed in the mon- 
key than in humans and is a prominent fea- 
ture in lateral and central sagittal sections 
through the joint (Carlson et al., 1980). Also, 
the slight concavity of the mandibular fossa 
in the neonate becomes gradually flatter with 
age in the rhesus monkey, in contrast to a 
continued deepening in humans. Zimmer- 
mann (1971) attributed the progressive flat- 
tening of the fossa in the monkey to a higher 
rate of bone deposition in the fossa than on 
the surf-ace of the articular eminence, with 
the result that an eminence is often no longer 
recognizable in medial sections in adult ani- 
mals. 

As with the mandibular condyle, the sur- 
faces of the temporal component of the tem- 
poromandibular joint are covered with a 
layer of dense, fibroelastic connective tissue 
whose collagen fibers are oriented parallel to 
the surface. This layer, known as the articu- 
lar layer or zone, is largely avascular and 
varies in thickness along the joint contours. 
Radioautographic studies in the rat (Folke 
and Stallard, 1967) and in monkeys (Joon- 
deph, 1972) indicate that the widely scat- 

Fig. 1. Schematic overview of temporomandibular Roof of mandibular fossa; B,C) Posterior slope and crest, 
joint structures. A, B, and C designate locations along 
the joint contour at which measurements were taken. A) 

respectively, of articular eminence. 
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tered fibroblasts in the articular layer and 
the undifferentiated cells at its deep bound- 
ary act primarily to replenish and maintain 
the articular tissue against erosion due to 
function, and do not participate in the growth 
process. 

Deep to the articular layer, the temporal 
component lacks layers of proliferative and 
chondroblastic cells strictly analogous to  
those observed in the condyle of growing an- 
imals. Instead, in the mandibular fossa at all 
ages and on the articular eminence in very 
young animals, the articular layer is bounded 
on its deep aspect by the bony joint surface. 
In the fossa, the bone bordering the articular 
layer is usually composed of slightly remod- 
eled compact bone, whereas on the posterior 
slope and crest of the eminence the bone is 
characterized by a more heavily remodeled 
cortex. Secondary osteons are observed fre- 
quently in older animals in this region. Sev- 
eral workers (Zimmermann, 1971; Stockli 
and Willert, 1971; McNamara, 1972) have 
described a narrow zone of “cartilage” inter- 
vening deep to the fibrous articular layer on 
the crest and posterior slope of the articular 
eminence in juvenile to young-adult animals. 
This zone, which usually contains rounded 
cells resembling chondrocytes, is separated 
from the articular layer by what appears to 
be a zone of undifferentiated or mesenchy- 
ma1 cells. The subsequent presence in adoles- 
cent or young-adult animals of “hyper- 
trophying chondrocytes” (Zimmerman, 1971; 
McNamara, 1972) in the deepest layers adja- 
cent to the bone has led to the characteriza- 
tion of a “three-layer structure” on the 
eminence resembling that which occurs in 
the condyle (Stockli and Willert, 1971; Zim- 
mermann, 1971). However, the timing of oc- 
currence and topographical distribution of 
this “cartilage” layer is unclear, as is its 
significance and/or contribution to the 
growth of the eminence. 

Finally, several lines of evidence suggest 
that the articular surface of the temporo- 
mandibular joint may undergo differential 
loading during function, with somewhat 
greater force dissipation on the lateral aspect 
of the joint than on the medial aspect (Oberg 
et al., 1971; Hansson et al., 1977; Hansson 
and Nordstrom, 1977; Kopp, 1978; Hylander, 
1979a). This idea is based primarily on indi- 
rect evidence and is largely unsubstantiated, 
although it is supported by the existence of 
differing patterns of remodeling on lateral 
and medial joint surfaces in older human 
adults (Moffett e t  al., 1964). 

MATERIALS AND METHODS 

The sample ana methods used in this study 
are the same as those described previously in 
a study of the normal growth of the mandib- 
ular condyle by Carlson and co-workers 
(1978). Forty-three rhesus monkeys (Macaca 
mulatta) from the primate colony of the Cen- 
ter for Human Growth and Development, 
University of Michigan, were divided into 
five maturational levels for analysis. Ani- 
mals from the first age group, neonate (n = 
3), were obtained immediately postpartum. 
The infant monkeys (n = 6) had a complete 
deciduous dentition at the time of death, and 
ranged in known age from 6 to 12 months. 
The remaining three groups were delimited 
on the basis of dentitional development 
(Hurme and Van Wagenen, 1953, 1961). Ju- 
veniles (n = 14) were characterized by a com- 
plete deciduous dentition 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 4 to 5 years 
of age. The animals in the young adult (n = 
12) group possessed complete permanent den- 
titions, including fully erupted third molars 
and were 7 or more years of age. 

A lateral radiographic cephalogram of each 
monkey was obtained immediately prior to 
death. All radiographs were taken, using a 
cephalostat especially designed for the labo- 
ratory monkey, a t  a distance of 155 cm (El- 
goyhen et al., 1972; McNamara, 1972). 

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 
decalcified in formic acid, embedded in either 
celloidin or paraffin, and sectioned serially 
in the sagittal plane at 10-20 pm. All sec- 
tions were then stained with hemotoxylin 
and eosin. Histological sections were magni- 
fied ( x 10) and microprojected ( x 4.5) onto a 
flat surface from a distance of 9 feet. Trac- 
ings were made of the temporomandibular 
joint structures, emphasizing the articular 
tissue layer and the “cartilage” layer where 
present. 

Measurements 
Maximum length of the mandibular con- 

dyle was measured perpendicular to the pos- 
terior border of the ramus on the lateral 
cephalograms. Thickness of the articular tis- 
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sue layer was measured perpendicular to the 
articular surface at three locations on the 
tracings: roof of the mandibular fossa; half- 
way along the posterior slope of the articular 
eminence; and crest of the articular emin- 
ence (Fig. 2). In order to account for variation 
in thickness due to general body size, thick- 
ness values were divided by condylar length 
(Carlson et al., 1978). In addition, the pres- 
ence and location along the sagittal contour 
of cartilage cells were noted in qualitative 
terms. When cartilage cells were present as 
a layer, a thickness measurement was ob- 
tained for the total layer (articular tissue and 
cartilage), in addition to the measurement of 
articular-layer thickness. 

Where possible, observations were re- 
corded from sections taken serially from lat- 
eral to medial aspects of the joint surface. 
Using morphological criteria (e.g., presence 
andor prominence of the postglenoid spine, 
extent of condylar neck visible, attachment 
of lateral pterygoid muscle) and the order of 
sectioning, the histological sections were 
characterized as medial, central, or lateral. 

Since the plane of sectioning can exert an 
influence on thickness measurements, great 
care was taken to position tissue blocks so as 
to minimize this potential source of error. 
Despite these precautions by an experienced 
technician, some error undoubtedly was in- 
troduced. However, we feel that its influence 
on the results is likely to be small. In any 
event, the relative magnitudes of regional 
thickness measurements, which are an  im- 
portant focus of this study, were quite con- 
sistent from one animal to another. Means 
and standard deviations were determined to  
evaluate variation within each maturational 
level. One-way analysis of variance and non- 
simultaneous two-sample F-tests were com- 
puted to determine the significance of 
intergroup differences. 

RESULTS 
Articular tissue 

The absolute thickness of the articular 
layer showed a progressive increase between 
maturational levels for all three regions 

A 

Fig. 2. Measurements of connective-tissue thickness. 
A, B, C) Fibrous articular-tissue thickness in roof of 
mandibular fossa and on posterior slope and crest of 

articular eminence, respectively. B ', C ') Total soft- 
tissue thickness including cartilage layer a t  posterior 
slope and crest of articular eminence, respectively. 
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studied (Fig. 3, Table 1). The trend toward 
increasing thickness appeared more gradual 
in the fossa roof than on the posterior slope 
of the articular eminence and eminence crest. 
Within each maturational level, the articu- 
lar layer decreased in absolute thickness 
from medial to lateral aspects of the joint 
surface. However, relative to the size of the 
condyle, the tissue in the fossa roof showed a 
trend for a gradual decrease in relative thick- 
ness with increasing maturational level, 
especially in central and lateral sections 
(Fig. 4). 

By contrast, relative articular-tissue thick- 
ness on the posterior slope and crest of the 
eminence increased through the juvenile pe- 
riod, followed by a relative decrease in thick- 
ness during adolescent and young-adult ages. 
The most significant (P < 0.5) changes oc- 
curred between the juveniles and those mat- 
urational levels immediately preceding or 
following them (Table 2). Inclusion of the 
thickness of the cartilage layer, present in 
some animals, to yield an overall noncalci- 
fied tissue thickness resulted in virtually 

identical patterns of change (hatched areas 
in Figs. 3 and 4 represent the increases re- 
sulting from the inclusion of cartilage-layer 
thicknesses, where present). 

Evaluation of the relative thickness (per- 
centage of total articular-tissue thickness) of 
each of the three regions by age group fur- 
ther demonstrated general patterns of change 
during growth. Articular-tissue thickness in 
the fossa roof, which was only slightly less 
than that on the eminence in neonates, 
underwent a steady reduction over subse- 
quent maturational levels, while relative 
thickness of the tissue on the posterior slope 
and crest of the eminence increased (Fig. 5). 
Thus, in sections from the central part of the 
joint, relative thickness in the fossa roof de- 
creased from 34% in neonates to 18% in 
adults, while eminence-crest thickness in- 
creased from 33% in neonates to 43% in 
adults. The articular tissue became rela- 
tively thicker with age in the medial part of 
the joint, although this tendency was less 
pronounced on the eminence crest than it 
was in the fossa roof (Fig. 6). 
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Fig. 3. Mean articular-tissue thickness as  a function 
of maturational level (I-V) in medial, central, and l a t ~  
era1 parts of the joint. Unshaded bars represent means 

of fibrous articular-tissue layer; height of bars including 
cross-hatched portions represents means when cartilage 
layer (if present) is included. 
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Fig. 5. Percent of total articular-tissue thickness as  a 
function of maturational level: comparison of fossa roof, 
posterior slope, and crest of eminence Percentages rep- ence crest 
resent the relative proportions of the total articular 

tissue thickness along given sagittal contours (e.g., cen- 
tral) which lie in the fossa roof, posterior slope, or emin- 
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Fig. 6 .  Percent of total articular-tissue thickness as  a 
function of maturational level: comparison of medial, 
central, and lateral regions. 

Occurrence and distribution of cartilage cells 
The temporal component of the joint in neo- 

nates exhibited a solid layer of lamellar bone 
directly underlying the fibrous articular lay- 
er (Fig. ?). Rounded cells resembling chon- 
drocytes were first noted a t  the deep surface 
of the articular layer in infant monkeys, oc- 
curring in five of six animals. They were 
confined to the crest and posterior slope of 
the eminence, but were spaced relatively far 
apart and appeared to be encased in a bony 
matrix (Fig. 8). This tissue most likely rep- 
resents a form of rapidly growing, newly de- 
posited bone (perhaps chondroid bone I in 
Beresford’s (1981) nomenclature) and, except 
for the rounded appearance of the cells them- 
selves, does not resemble the tissue observed 
at later maturational levels. In juvenile and 
adolescent animals, the cartilage cells were 
more obvious and numerous, and in many 
cases formed a layer of uneven thickness sep- 
arating the parallel-fibered articular tissue 
from the cortical bone of the eminence (Fig. 
9). A thin layer of small, flattened cells re- 
sembling the undifferentiated or prolifera- 

Fig. 7. Articular eminence in a neonate monkey. H 
and E. Scale represents 200 pm. Location is in general 
vicinity of crest of articular eminence, although no real 
convexity is present a t  this maturational level. F = 

fibrous articular tissue; B = lamellar bone of temporal 
articular surface; R = area of bony resorption. Note that 
no cartilage cells are present. 



Fig. 8. Crest of articular eminence in a n  infant mon- 
key. H and E. Scale represents 200 pm. F = fibrous 

articular tissue; B = bone of articular eminence; P = 
proliferative layer; C = chondroid tissue. 

Fig. 9. Crest of articular eminence in a juvenile mon- D = articular disk; P = proliferative layer; FC = chon- 
key. H and E. Scale represents 200 pm. Note thin but drocytes in fibrous matrix, B = bone of articular 
distinct layer of mesenchymal cells, with chondrocytes eminence. 
in a fibrous matrix beneath. F = fibrous articular tissue; 
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tive layer of the condylar cartilage was 
interposed between the articular tissue and 
the cartilage cells deep to it. In a number of 
cases, thin strands or fibers could be noted 
amidst the cartilage cells, running in a direc- 
tion roughly perpendicular to the cortical 
bone surface (Fig. 10). In other instances, the 
cartilagelike cells appeared to be encased in 
a matrix which stained like the condylar car- 
tilage, but less intensely. Cartilage cells were 
noted in 12 of 14 juveniles and six of eight 
adolescents. In serial sections, cartilage cells 
were apparent from lateral to medial across 
the crest of the eminence in most animals, 
but there was a tendency for the cartilage 
layer to extend backward along the posterior 
slope of the eminence in central and medial 
sections. Cartilage cells were seldom noted 
on the posterior slope in lateral sections, 
making the distribution resemble something 
of a “spiral,” beginning in most animals on 
the crest of the eminence crest laterally and 
gradually becoming more posterior in distri- 
bution as one moves progressively more me- 
dially (note hatched areas in Figs. 3 and 4). 

However, in a number of cases, the presence 
of cartilage cells was more pronounced me- 
dially than laterally, with a few animals 
lacking a cartilage layer in lateral sections. 
Cartilage cells were not seen in neonates. In 
young adults, a layer of cartilage cells be- 
tween bone and articular tissue was still ob- 
served in some animals, but it was more 
variable in occurrence and extent. In addi- 
tion, cartilage cells had begun to appear sin- 
gly in the parallel-fibered articular-tissue 
layer and occasionally in clumps in its deeper 
portions, a finding not encountered in youn- 
ger animals. 

DISCUSSION 

The data reported here are in general 
agreement with the more limited measure- 
ments offered by Zimmermann (1971). Zim- 
mermann’s study included animals ranging 
in age from juveniles to fully adult, but did 
not include neonates or infants as this study 
did. According to her results, the thickness 
of the articular tissue in the mandibular fossa 
of juvenile monkeys (aged 18-24 months) was 

Fig. 10. Crest of articular eminence in a n  adolescent 
monkey. H and E. Scale represents 200 pm. Interspersed 
among the chondrocytes (FC), note the fibers which run 
obliquely from the parallel-fihered articular layer to the 

underlying bone. Chondrocytes in  the deepest layers ap- 
pear to be surrounded by ossified matrix. F = fibrous 
articular tissue; P = proliferative layer; FC = chondro- 
cytes in fibrous matrix; B = bone of articular eminence. 
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approximately 50 pm, whereas that on the 
eminence ranged from 100 to 150 pm. By 
comparison, mean thickness in the juvenile 
animals included in this study (18-30 months 
of age) ranged from 78 to 132 pm in the fossa 
roof, depending on location of serial section, 
and from 128 to 140 p m  on the eminence 
crest. Description of the location and timing 
of cartilage cells is also in accord with that 
given by Zimmermann. 

Variation in  articular-tissue thickness 
In its temporal component, the temporo- 

mandibular joint is without the articular car- 
tilage which serves in other joints as a buffer 
against compressive stresses. Yet it has been 
demonstrated that forces are transmitted to 
the joint during mastication and incision 
(Hylander, 1979a; Hylander and Bays, 1979) 
and at levels which presumably necessitate 
morphological adaptation. Moffett et al. 
(1964) argued that the fibrous tissue which 
lines the articular surfaces of the temporal 
component serves to resist compressive loads 
resulting from function, and in so doing is 
transformed into fibrocartilage in heavily 
loaded areas. It also functions to minimizc 
shear stresses imposed by the translation of 
the condyle along the eminence under load. 
On this basis, Moffett and co-workers sug- 
gested that the increased thickness of artic- 
ular tissue covering the eminence crest and 
posterior slope in relation to that seen in the 
fossa in humans is a reflection of greater 
functional stress on the eminence. However, 
the manner by which articular tissue thick- 
ens in response to functional stimuli is un- 
clear. We have previously suggested (Carlson 
et al., 1978) that the thickening may be due 
to swelling brought about by increased water 
content, much as occurs in articular cartilage 
in regions undergoing greatest mechanical 
stress (Ekholm, 1955; Ekholm and Norback, 
1951). The low rate of proliferative activity 
in the articular layer noted in radioauto- 
graphic studies of the TMJ (Folke and Stal- 
lard, 1966, 1967; Kanouse et al., 1969; Joon- 
deph, 1972; Blackwood, 1966) argues against 
thickening via increased mitotic activity. 

Variation in anteroposterior direction 
If topographical differences in articular-tis- 

sue thickness are representative of differen- 
tial functional stress, then the variation in 
relative articular-layer thickness noted with- 
in and between maturational levels is pre- 
sumably indicative of progressive alterations 
in function a t  the temDoromandibular joint. 

Viewed in this fashion, the data suggest that 
forces delivered to the joint become more an- 
teriorly directed with age; i.e., in sagittal 
sections, the articular tissue in the fossa 
shows a trend of decreasing relative thick- 
ness, whereas that on the posterior slope and 
crest of the eminence undergoes a relative 
increase. In neonates and to a lesser extent 
in infants, the tissue in the fossa roof is 
roughly similar in thickness to that on the 
eminence, whereas in juveniles and at sub- 
sequent ages the tissue on the eminence be- 
comes thicker than that in the fossa to an  
increasing degree. 

Evidence of somewhat similar changes in 
relative thickness of the articular tissue with 
age have been documented for the condyle 
(Carlson et al., 1978). We suggested that al- 
terations in the direction and degree of joint 
reaction forces with age might be correlated 
in part with age-related differences in mor- 
phology and function of the muscles of mas- 
tication. As maturation proceeds, the area of 
attachment of the anterior portion of tempor- 
alis becomes progressively more anteriorly 
located along the cranial vault. Also, with 
maturation the masseter iiiuscle supplants 
the more posteriorly oriented temporalis as 
the predominant jaw elevator during the 
closing phase of the chewing stroke (Mc- 
Namara, 1974). These changes become ap- 
parent with the juveniles, and become in- 
creasingly more pronounced in adolescents 
and adults. It was argued that a likely out- 
come of these changes should be a more pos- 
teriorly directed muscle pull in young 
animals giving way to forces that are di- 
rected more anterosuperiorly as the anterior 
temporalis develops in mass and becomes rel- 
atively more forwardly positioned on the cra- 
nial vault, and as the masseter is more 
heavily utilized. 

Further indications that forces at the TMJ 
may be directed more toward the posterior 
joint structures in young animals are pro- 
vided by examination of certain features of 
temporal-joint-component anatomy. In mon- 
keys, the morphology of the mandibular fossa 
and postglenoid spine contrasts greatly with 
that seen in humans. The mandibular fossa 
in monkeys is situated somewhat lateral to 
the braincase, not under it as in humans, 
and consists of a relatively thick cortex of 
lamellar bone, as opposed to the often paper- 
thin fossa roof in the human basicranium (cf. 
Wright and Moffett, 1974; Sicher and Du- 
Brul, 1975). Zimmermann (1971, Fig. 57) 
noted that considerable internal remodeling, 
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as indicated by the presence of secondary 
osteons, was present in the fossa of some 
adult monkeys, giving it an appearance sim- 
ilar to the bone of the eminence. If functional 
forces are indeed transmitted to the fossa in 
growing monkeys, this may also be reflected 
in the presence a t  all ages of relatively thick 
articular tissue in the fossa compared to the 
eminence. In addition, the postglenoid spine, 
which is quite large in the monkey and is 
lined on its anterior surface with articular 
tissue, may be subject to forces transmitted 
by the condyle. Although the possibility of 
such contact is generally discounted in hu- 
mans (cf. Sicher and DuBrul, 1975, p. 1651, 
several workers have postulated that it may 
take place in monkeys. Zimmermann (1971) 
described gross resorption in corresponding 
areas on the postglenoid spine and posterior 
condylar surface on the dry skulls of several 
young monkeys, a finding which she inter- 
preted as evidence of possible contact be- 
tween the two structures. In addition, 

Carlson et al. (1980) suggested that contact 
between the postglenoid spine and condyle 
may occur during agonistic displays. The 
data obtained from the samples studied here 
are fully consistent with these observations 
(Fig. 11). Thickness of articular tissue on the 
upper surface of the postglenoid spine exhib- 
ited trends most similar to those noted for 
the fossa roof-i.e., an overall increase in ab- 
solute thickness with age (Fig. l l a )  which, 
when corrected for body size, reflects a steady 
decrease with age (Fig. l lb).  Also, whereas 
relative articular tissue thickness in this area 
is as great or greater than that on the emin- 
ence in neonates and infants, it undergoes a 
steady decline with age (Fig. llc). Relative 
articular-tissue thickness on the postglenoid 
spine and fossa roof combined drops from 
51% in neonates to 30% in adults, whereas 
relative thickness on the posterior slope and 
eminence crest combined increases from 49% 
to 70%. Therefore, several lines of evidence 
support the possibility of age-related changes 
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in direction and perhaps degree of forces at  
the temporomandibular joint. 

Variation in mediolateral direction 
Comparisons of articular-tissue thickness 

in the mediolateral direction showed mean 
tissue thickness to be consistently greater in 
more medial aspects of the joint than a t  its 
lateral aspect, a trend that was confirmed in 
the majority of animals for which serial sag- 
ittal sections were available. These results 
are seemingly in contradiction to those for 
human TMJs reported by Hansson and co- 
workers (Hansson and Nordstrom, 1977; 
Hansson et al., 19771, who found somewhat 
thicker soft-tissue layers laterally on the 
crest and posterior slope of the articular em- 
inence. However, their sample lumped to- 
gether adults of widely varying ages and also 
included several subadults, rendering com- 
parisons with the data reported here diffi- 
cult. It has been argued on the basis of 
indirect evidence that relatively greater 
stresses may be transmitted to the lateral 
aspect of the working-side TMJ than to the 
medial aspect during mastication (Hylander, 
1979a; Hylander and Rays, 1979; Oberg et 
al., 1971; Hansson and Oberg, 1977). In par- 
ticular, Hylander (1979a,b) suggested that 
this differential loading may result from the 
twisting of the working-side mandibular cor- 
pus along its long axis by opposing moments 
generated by the bite force and the muscles 
of mastication. Hylander argued that in the 
frontal plane a bite force with a transverse 
component will have a tendency to twist the 
working-side corpus by everting its alveolar 
process and inverting its lower border; the 
primary jaw elevators on the same side will 
exert an opposite twisting effect, tending to 
evert the lower border of the corpus and in- 
vert its alveolar process. As long as the twist- 
ing moment associated with the bite force 
does not completely counter the twisting mo- 
ment associated with the working-side ele- 
vators, the lateral aspect of the articular 
surface of the working-side TMJ will then 
presumably be loaded to a greater extent 
than the medial aspect, although both under- 
go some stresses. 

If articular tissue becomes relatively 
thicker in areas exposed to greater func- 
tional loading, then the thickness distribu- 
tion in the mediolateral direction in monkeys 
may be interpreted as suggestive of some- 
what greater loading medially. At the very 
least, the data reported here indicate that a 

differentially greater loading of the lateral 
part of the articular surface may not be 
nearly so pronounced in the temporomandi- 
bular joint of monkeys as in humans. The 
absolutely thinner articular-tissue thickness 
and generally more limited occurrence of car- 
tilage cells in the deeper layers laterally in 
the monkey TMJ contrast with the morphol- 
ogy reported for humans (Hansson and 
Nordstrom, 1977; Hansson et al., 1977; Kopp, 
1978). Consequently, based on the evidence 
presented here, it is possible that in adult 
monkeys the considerable twisting that ap- 
parently takes place in the working side 
mandibular corpus (Hylander, 1979b) may 
not be translated into differentially greater 
loading on the lateral aspect of the working- 
side TMJ. 

The reasons for this disparity are not clear. 
However, the monkey differs from humans 
in a number of features of its oral apparatus 
and masticatory cycle which, when taken 
singly or in combination, may account for a 
somewhat altered pattern of loading a t  the 
monkey TMJ. For example, the orientation 
of the masticatory muscles, especially the 
temporalis, differs in the monkey owing to 
altered relationships of face to neurocra- 
nium, thus potentially affecting the force dis- 
tribution across the joint. In addition, the 
extent of the lateral jaw excursion during 
mastication is considerably less in monkeys 
than in humans (Byrd et al., 1978). The inter- 
play of these factors may be crucial in deter- 
mining the extent to which torsion occurs at  
the temporomandibular joint. Finally, 
whereas the long axis of the condylar head is 
directed in humans toward the foramen mag- 
num a t  an angle with the frontal plane of 
from 0" to 30" (mean = 13"; Moffett, 19681, 
the condylar head in monkeys appears to lie 
almost parallel with the frontal plane or at  a 
very small angle to it. The difference in rel- 
ative positions of the lateral and medial poles 
of the condylar head inherent in such differ- 
ent orientations of the condyle may also con- 
tribute to an altered pattern of joint loading. 

Presence and significance of cartilage cells 
on the articular eminence 

Occurrence and probable source 
Cells resembling chondrocytes were noted 

in the deeper layers of the fibrous articular 
tissue in animals a t  all maturational stages 
except neonates. These occurrences were lim- 
ited primarily to the crest and posterior slope 
of the articular eminence. Moreover, their 
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frequency and specificity of expression in- 
creased with age, beginning with sporadic, 
often discrete occurrences in infants, but 
often comprising a distinct layer of cells be- 
tween the fibrous tissue and bone in juve- 
niles, adolescents, and adults. Although this 
phenomenon has been noted by a number of 
workers, its description has given rise to a 
plethora of terms that are indicative of the 
uncertainty that surrounds its exact nature 
and origin. Tissue that appears to resemble 
that noted in the present study has been 
variously characterized as “fibrocartilage” 
(McNamara, 1972), “hyaline cartilage” (Zim- 
mermann, 19711, and as “chondroid cells” 
(Kopp, 1978; Meikle, 1980). In addition, sev- 
eral researchers have described the presence 
of “hypertrophying chondrocytes” (Zimmer- 
mann, 1971; McNamara, 1972) or even a “hy- 
pertrophic layer” (Stockli and Willert, 1971) 
in the deepest layers of the soft tissue on the 
eminence. Such contrasting terminology may 
also reflect the transitional nature of the tis- 
sue, bridging as it does a morphological and 
spatial gap between fibrous tissue and carti- 
lage, or perhaps in its deepest mineralized 
layers, between cartilage and bone (cf. Beres- 
ford, 1981, p. 221). 

The possible reasons for the presence of 
such a “cartilaginous” tissue on a bone which 
forms intramembranously have been little 
discussed for the TMJ. Both McNamara 
(1972) and Zimmermann (1971) attributed the 
“cartilage cells” to a changed functional pat- 
tern during maturation. Meikle (1980) sug- 
gested that cartilagelike cells in the articular 
layers of the TMJ in middle-aged and elderly 
humans arise by differentiation from articu- 
lar layer fibroblasts in response to biome- 
chanical stimuli resulting from joint function. 
Certainly this viewpoint is consistent with 
increasing evidence that a variety of reversi- 
ble (modulatory) or irreversible (metaplastic) 
transformations involving all types of con- 
nective-tissue cells can and do occur, either 
indirectly from undifferentiated or mesen- 
chymal cells or directly from other cell types 
(cf. Hall, 1970, 1978, and Beresford, 1981, for 
good summaries). In the monkeys studied 
here, the zone of cartilage and the fibrous- 
tissue layer were usually separated by a thin 
zone of small, seemingly undifferentiated 
cells which Zimmermann (1971) has likened 
to a “perichondrium.” Moreover, the possibil- 
ity that the matrix in the deepest layers of 
the cartilage adjacent to bone may become 
mineralized (see Ingervall et al., 1976) sug- 

gests that some of the tissue subsumed under 
a variety of names may be a tissue interme- 
diate between cartilage and bone, or a “chon- 
droid bone” (Beresford, 19811.l 

The transformation of fibrous tissue to car- 
tilaginous tissue has been documented at  a 
number of locations in the human body, and 
not all such occurrences can be reliably at- 
tributed to the influence of functional or bio- 
mechanical stiumuli (Beresford, 1981). 
However, the tissue noted on the articular 
eminence bears some similarity to the “ad- 
ventitious cartilage” described at the articu- 
lar surfaces of intramembranous skull bones 
in the chick (cf. Hall, 1968), whose prolifera- 
tion is attributed to intermittent mechanical 
stress. Moreover, the pattern of development 
of such a tissue is consistent with that ob- 
served on the articular eminence. Hall (1968, 
p. 803) noted that with the cessation of 
growth, the “adventitious cartilage” is 
“functionally replaced by a fibrocartilage and 
anatomically by bone”-an observation that 
is paralleled by the reduced presence or even 
the absence of a cartilage “layer” in older 
adults (see also Zimmermann, 1971) and the 
appearance in adults of scattered chondro- 
cytes in the fibrous articular tissue. For the 
human TMJ, Moffett and co-workers (1964; 
see also Moffett, 1980) suggested that the 
articular eminence grows and remodels by a 
mineralization of the articular tissue and its 
subsequent replacement by lamellar bone. If 
so, the presence of a cartilage layer, possibly 
underlain by a mineralized layer of “chon- 
droid bone,” in certain areas of the articular 
surface of growing monkeys may reflect areas 
of strengthening and thickening of the bony 
cortex in response to biomechanical stimuli. 
In fact, Enlow (1975, p. 370) has noted that 
“chondroid bone” seems to be found in areas 
where rapid growth is taking place. 

The supposition that the cartilage cells on 
the eminence in growing monkeys arise as a 
result of the action of biomechanical factors 
is supported by other, albeit circumstantial, 
evidence. For example, it is perhaps signifi- 

‘Beresford (1981, pp 4. 8 )  describes chondroid bone a s  having 
“functioning chondrocytes in a collagenous. but  well mineral 
ized matrix.” He goes on to state t h a t  such a tissue usually 
occurs at the boundaries of a bone and has  a “potentially major 
role in the  skeleton’s biomechanical relations with other tis- 
sues.” Although nothing is known of t he  vitality of the chondro- 
cytes in these deep layers, Ingervall et al. (1976, p. 137, Fig 5) 
described the  microradiographic appearance of the calcified car 
tilage on the  eminence as “less radiopaque than bone” in a 14.5- 
year-old-human and a s  “highly mineralized” in a 19.5-year-old 
specimen 
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cant that cartilage cells were not observed in 
neonate animals and only sporadically in in- 
fants, both of which had presumably under- 
gone little cumulative biomechanical stress, 
and that cartilage cells become considerably 
more obvious and more numerous in animals 
a t  later maturational levels. Moreover, the 
cartilage cell layer is most pronounced and 
thickest in juvenile animals, which also show 
the greatest articular-tissue thickness when 
corrected for condylar length (Tables 1, 2; 
Fig. 4). In addition, cartilage cells were noted 
repeatedly in those regions of the articular 
surface (primarily crest and posterior slope 
of the articular eminence) which are pre- 
sumed on other grounds to be loaded during 
function. By contrast, even though a prolif- 
erative layer is sometimes noted deep to the 
articular tissue in the fossa roof, cartilage 
cells were almost never observed there, nor 
on the far anterior slope of the eminence. The 
existence of such tissue in humans during 
growth is disputed (Wright and Moffett, 1974; 
Thilander et al., 19761, although a somewhat 
similar phenomenon has been described in 
older adults (Meikle, 1980). However, the re- 

duced presence or complete absence of carti- 
lage cells in growing humans compared to 
monkeys is consistent with a functional etiol- 
ogy for such cells, given the likelihood of 
greater reaction forces a t  the monkey TMJ 
(Carlson et al., 1980). 

Distribution of cartilage cells 
More importantly, the distribution of car- 

tilage cells on the eminence roughly paral- 
lels that of the greatest thickness of articular 
tissue. Cartilage cells were observed on the 
eminence crest from medial to lateral (al- 
though on occasion, not medially) and ex- 
tended back up the posterior slope in central 
and especially more medial sections, a fact 
noted also by Zimmermann (1971). Relative 
thickness in the coronal plane for each ma- 
turational level (Table 3) is as follows: 1) 
greatest medially or centrally in the fossa 
roof of all five age groups; 2) greatest cen- 
trally or medially on the posterior slope of 
the eminence in four of five age groups; 3) 
greatest laterally on the eminence crest in 
four of five age groups. Thus, the region of 
maximum relative articular-tissue thickness 

TABLE 2. One-way analysis ofuariance o f  absolute and relative articular tissue thickness 
between maturational levels 

Maturational level pairs 
Variable 1-11 1-111 I-IV I-v 11-111 11-IV 11-v 111-IV 111-v IV-v 

Articular tissue thickness 
Fossa roof: medial 
Fossa roof: central 
Fossa roof: lateral 

Post. slope: medial 
Post. slope: central 
Post slope: lateral 

Emin. crest: medial 
Emin. crest: central 
Emin. crest: lateral 

* **  * **  
* *  * * * 

* *  

* * * * 
* *  * *  

* *  * *  * *  *i 

Articular tissue thicknessicondylar length 

* * * *  * * * *  
* *  3: * * *  
* *  * *  

Fossa roof: medial 
Fossa roof: central 
Fossa roof: lateral 

Post. slope: medial 
Post. slope: central 
Post. slope: lateral 

* ** 
**  

* I  

* * *  

* *  
* *  
I3 * *  

* *  
* *  
* *  

* 
* 

* *  * *  

Emin. crest: medial 
Emin. crest: central 
Emin. crest: lateral 

* *  
* 

*P < 0 05. 
**  P s 0 01 
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is located progressively more anteriorly as 
one moves from medial to lateral parts of the 
joint surface. 

Mongini (1972) described a similar pattern 
of bony remodeling in the human mandibu- 
lar condyle. Mongini noted that, whereas an- 
teriorly flattened cross sections were the rule 
in the lateral parts of the condylar head, a 
more superiorly oriented flattening predomi- 
nated in central and medial sections. In ad- 
dition, though there was considerable evi- 
dence of remodeling all across the joint sur- 
face anteriorly, there was a tendency for the 
incidence of remodeling to increase from lat- 
eral to medial in the posterior one third of 
the joint. Similarly, Zimmermann (1971, 
Figs. 23, 24) noted that the articular disk, 
which appears compressed to a similar de- 
gree from lateral to medial in a frontal sec- 
tion through the anterior part of the joint, is 
"wedge-shaped" in a frontal section through 
the posterior part of the joint owing to differ- 
entially greater compression toward the me- 
dial aspect. Considered together, these obser- 
vations suggest that the region of greatest 
functional stresses is located more posteri- 
orly in medial and perhaps central parts of 
the joint than it is in lateral parts of the joint. 
This pattern of relative articular-tissue 
thickness characterizes virtually every ma- 
turational level, with the possible exception 
of the young adults. Although the position(s) 
of the condyle during the application of max- 
imum joint-reaction force is not known, these 
forces are demonstrably greater at the bal- 
ancing-side condyle in monkeys (Hylander, 
1979a) than at the working-side joint. It is 
possible that the similar topographical vari- 
ation in maximum articular-tissue thickness 
and in presence of cartilage cells may reflect 
the position of the balancing-side condyle 
during the transmission of maximum force 
to the articular eminence. Under such cir- 
cumstances, the bulk of the reaction force 
would be delivered at some point during the 
simultaneous translation and rotation of the 
condyle back up into the fossa, with the me- 
dial pole of the condyle (which had rotated 
through a smaller arc during the opening 
sequence than had the lateral pole) becoming 
reestablished in the fossa (along the posterior 
slope) in advance of the lateral pole. 

CONCLUSIONS 

This study provides qualitative and quan- 
titative documentation of microanatomical 
changes in the temporal component of the 
temporomandibular joint during growth of 
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the rhesus monkey (Macaca mulatta). Exam- 
ination of topographical variation in articu- 
lar-tissue thickness with age demonstrates a 
trend of steadily decreasing relative thick- 
ness in the roof of the mandibular fossa and 
a relative increase in thickness on the poste- 
rior slope and crest of the articular eminence. 
These results parallel those obtained for the 
mandibular condyle and are best interpreted 
to indicate that forces delivered to the joint 
become more anteriorly directed with age. In 
addition, cells resembling chondrocytes are 
noted, often as a layer, on the posterior slope 
and crest of the eminence between the fi- 
brous articular tissue and the underlying 
bone. This “cartilage” layer, first observed in 
juvenile monkeys but becoming more promi- 
nent with age, is probably the result of mod- 
ulation of fibroblasts to chondroblasts in the 
deeper layers of the articular zone in re- 
sponse to biomechanical stimuli, and as such 
further reflects the more anterior orientation 
of joint forces in animals at older matura- 
tional levels. Moreover, the relatively greater 
articular-tissue thickness in the mandibular 
fossa roof and anterior surface of the postgle- 
noid spine in neonate and infant monkeys, 
coupled with morphological differences with 
the analogous structures in humans, makes 
i t  likely that some forces are transmitted to  
these parts of the temporomandibular joint 
in monkeys. Articular-tissue thickness is ab- 
solutely greater medially than laterally in 
all age groups, although relative thickness is 
greatest laterally on the eminence crest at  
most age levels. All in all, however, the 
marked variation in articular- and cartilage- 
layer thickness cited in humans as evidence 
of differentially greater loading in the lateral 
aspect of the joint does not appear so pro- 
nounced in the monkey TMJ. 
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