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Summary—This relationship between the function of the muscles of mastication and cranio-
facial form was investigated in young adult monkeys by increasing the functional length of the
elevator muscles of the mandible non-invasively by a bite-opening splint cemented to the
maxillary dentition. The major adaptations to increased vertical dimension were (1) marked
superior and some anterior displacement of the maxillary complex, (2) dental intrusion and (3)
rotation of the mandible. These alterations produced a shortening of the lengthened masseter
muscle, i.e. a reduction in the amount of muscle stretch brought about by the appliance.
Migration of the masseteric insertion along the ramus did not contribute significantly to the
pattern of adaptation. The role of the masseter muscle in craniofacial adaptations to altered
vertical dimension was determined by detaching and re-attaching the insertion of the masseter
muscle in one group of experimental animals. The myotomized monkeys experienced signifi-
cantly less anterior displacement of the maxilla than the non-myotomized monkeys, indicating
that the surgery may have lessened some of the anteriorly-directed distracting forces of the
lengthened masseter. Masseter myotomy alone was not sufficient to eliminate the vertically-
directed distracting forces of the remainder of the mandibular elevator muscles brought about
by increasing the vertical dimension of the lower face.
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INTRODUCTION

It is well known that the growth of the craniofacial
skeleton can be modified experimentally by alteration
of the function of the muscles of mastication (Wash-
burn, 1947; Hoyte. 1966; Moore and Lavelle, 1974;
McNamara, 1975). The influence of altered muscle
function on the form of the craniofacial skeleton in
adults, however, is less well understood. This is par-
ticularly apparent in considerations of the stability of
results after surgical treatment of certain human jaw
discrepancies, where correction of anteroposterior and
vertical jaw malalignments often involves an increase
in the length and an alteration of the position of the
muscles of mastication [see Carlson et al. (1982) for
an extensive review]. Consequently, many investiga-
tors suggest that skeletal relapse after orthognathic
surgery, i.e. partial or complete return of the altered
skeletal segment after treatment, is primarily the result
of adverse muscle tension acting on the repositioned
skeletal segment (Ware and Taylor, 1968 ; Poulton and
Ware, 1971; Steinhauser, 1973; Ive et al., 1977; Epker
et al., 1978). Unfortunately there has been no com-
prehensive, quantitative experimental analysis of the
influence of muscle stretch with and without surgery
on craniofacial form and muscle position in adults.
McNamara (1974) provided a brief report of adap-
tations in the dento-alveolar region and mandibular
joint of adolescent and adult monkeys. Yellich, Mc-
Namara and Ungerleider (1981) studied the position
of the masseter muscle after lengthening it in adult
monkeys. However, the sample sizes in the long-term
(2448 week) treatment groups were small, the
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system for analysing muscular adaptations was inad-
equate and dento-alveolar and skeletal adaptations
were not considered quantitatively.

Our purpose was to provide 4 longitudinal, quanti-
tative analysis of the specific morphological adapta-
tions that take place in the craniofacial complex of
adult rhesus monkeys after increasing the vertical di-
mension of the lower face with and without masseter
myotomy. Having regard to studies of McNamara
(1974) and Yellich et al. (1981), we put forward three
hypotheses: (1) that stretching of the mandibular
elevator muscles results in an anterior and superior
displacement of the maxillary complex; (2) that dis-
placement of the maxillary complex continues until
the masseter muscles have re-established their original
length via migration up the ramus; (3) that surgical
detachment and re-attachment of the masseter muscle
enhances muscle migration and, therefore, mollifies or
eliminates any tendencies for maxillary displacement.

MATERIALS AND METHODS
Experimental animals

Twenty-five adult female rhesus monkeys (Macaca
mulatta) were divided into two experimental groups
and a control group. Based on the presence of a com-
plete permanent dentition (Hurme and Van Wagenen,
1961) and degrees of occlusal wear (Gantt, 1979), the
ages ranged from approx. 6 to 9 yr.

Experimental design

Implant techniques. Radio-opaque tantalum im-
plants were placed in specified regions of the frontal
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bone, zygomaxillary process, maxilla, mandible and
cranial base at least 10 weeks prior to the start of
the experiment to facilitate cephalometric analysis of
bone remodelling and displacement (Plate Fig. 1A).
Radio-opaque gold markers composed of root canal
broach 2.5-3.0 mm in length and 0.7 mm in diameter
were inserted percutaneously into the distal region of
the masseter muscle at the time of bone marking in
order to permit alterations in muscle length and pos-
ition to be determined using radiographic methods.
McNamara et al. (1978) showed that no more than 1.0
mm variation in the position of the muscle markers
occurs after a 6-8 week period of stabilization. The
experimental period for each animal was not begun
until the muscle markers were judged to be stable as
indicated by superimposition of serial radiographs.

Appliance design. At the start, each experimental
animal had an intraoral occlusal appliance, designed
to create a |5-18 mm opening interincisally, cemented
to its maxillary dental arch (Fig. 1B). This amount of
mandibular depression resulted in approx. a 10-15
per cent increase in the distance between the origin
and insertion, i.e. stretch, of the masseter muscle, but
did not much diminish oral function; animals had no
trouble in eating a normal diet of commercial monkey-
food and fruit and in exhibiting normal agonistic dis-
play behaviour with the bite-opening appliance in
place.

Experimental groups. Two experimental groups were
defined, Group A (n = 10) and Group ADR (n = 9).
Group A animals received the bite-opening appliance
only. Group ADR animals received the bite-opening
appliance and then underwent surgery under aseptic
conditions to detach and reattach the masseter muscles
bilaterally.

Surgical procedure. With the bite-opening appliance
in place, animals in Group ADR were sedated using
phencyclidine HCI and then pentobarbital sodium IV
was administered to achieve a surgical level of anaes-
thesia. A small incision was made along the margin of
the angle of the mandible, the platysma muscle was
blunt dissected and the masseter muscle exposed. The
masseter muscle was sharp dissected from the area of
the mandibular angle and was then detached com-
pletely from the ramus using a periosteal elevator.
After haemostasis was achieved, the masseter muscle
was re-approximated along the ramus and sutured to
the remaining connective tissue of the pterygomas-
seteric sling at its stretched position using 4.0 gauge
polyglycolic acid suture. The platysma muscle and
skin were then closed separately. The same procedure
was repeated on the other side.

Cephalometric analysis. Lateral radiographic ceph-
alograms were taken of each animal with the teeth in
centric occlusion or, during the experimental period,
with the mandibular dentition occluded with the
bite-opening appliance. Group A animals were radio-
graphed immediately before (interval A) and immedi-
ately after cementation of the appliance (interval 0)
and 12, 24 and 48 weeks thereafter. Animals in
Group ADR were radiographed immediately before
appliance placement (interval A), immediately before
surgery with the appliance in place (interval B) and
immediately after surgery (interval 0). Each animal
was then radiographed 12, 24 and 48 weeks after the
start of the experiment.
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Cephalograms were traced and digitized to record
the coordinates of the radio-opaque bone and muscle
markers as well as of 58 anatomic landmarks and
reference points (Carlson er al., 1982). These data were
entered into the University of Michigan's computer
system for graphic and quantitative analysis. Two
planes of reference, one for the cranium (CRL) and
one for the mandible (MRL), were constructed for
superimposition of serial cephalographs. These refer-
ence lines and perpendiculars through specified bone
markers define two coordinate systems originating in
the stable cranial base of mandibular bone implants
themselves. The systems were manipulated geometri-
cally with the computer so as to remain parallel to the
original maxillary and mandibular occlusal planes
throughout the experiment. Skeletal adaptations were
evaluated by measuring changes between serial ceph-
alograms in the horizontal and vertical positions of
the frontal, maxillary, premaxillary and zygomaxillary
bone markers relative to the cranial reference line.

Masseter muscle length was defined as the distance
between the zygomaxillary implant, indicating the
most anterior attachment of the masseter muscle at its
origin and the most distal marker in the masseter
muscle. The horizontal and vertical position of the
masseter muscle markers relative to the mandibular
reference line and the cranial reference line was
used to describe the location of the masseter muscle
at each experimental interval. Dento-alveolar adapta-
tions within the mandible were assessed by measuring
the perpendicular distance between the MRL and the
posterior and anterior corners of the occlusal splint
with the jaws closed.

Statistical analysis. Serial changes in each of the
cephalometric variables were calculated for each ani-
mal at each interval. One-way analysis of variance
was used to evaluate the significance of any differ-
ences between groups at each experimental interval
separately. Paired r-tests were used to determine
whether any changes within each experimental group
between serial intervals were significant. A least
squares regression analysis was used to determine
whether adaptations within the maxillary complex
after increasing the height of the lower face might
vary as a function of age.

RESULTS
Skeletal adaptations (Tuble 1)

Frontal bone. The mean change in spatial position
of the frontal bone markers between experimental
intervals in all groups was less than 0.2 mm horizon-
tally and vertically. None of the differences in frontal
bone position among the groups were statistically sig-
nificant. This stability of the frontal bone markers
indicated that the measuring technique was adequate
and that the cranial base was not growing at the time
of the experiment.

Maxillary complex. The maxillary complex in con-
trol animals remained stable, although there was a
small amount of inferior and anterior movement
which can be attributed to normal growth in young
adults (Schneiderman and Carlson, 1981). The maxil-
lary complex in all experimental animals, on the other
hand, underwent a marked displacement in a superior
and anterior direction. This displacement was most



Table 1. Changes in the horizontal and vertical position of the frontal bone and maxillary skeletal complex (mm)

Makxilla Zygomaxilla

Premanxilla

Frontal bone

Experimental

group and

Vertical Horizontal Vertical Horizontal Vertical Horizontal Vertical

Horizontal

interval
(weeks)

SD X SD X SD X SD X SD X SD X SD X SD

X

0.78 069 -—0.04 0.48 0.65 0.55 —0.13 0.32 0.13 064 —0.15 0.62

0.23

0.09 0.19 0.12

0-48
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—0.01 0.39

0.32
0.29
0.39
0.70

0.41
0.06
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092

0.25
0.34
0.52

1.09

0.60
0.48
0.46
1.88

0.44
0.52
0.69
1.21

0.72
0.50
0.97
2.13

097
0.56
0.68
1.10

1.21
0.72
0.83
3.07

0.44
0.37
0.41
0.69

0.71
0.54
0.85
222

0.23
0.38
033
0.33

—0.03
—0.02

0.19
0.28
0.26
0.26

0.03
—0.01
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0.32
0.68
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0.44

045

0.02
0.12

0.03
0.11
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Group ADR (n = 9)
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1.13
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0.28
—0.05

0.49

0.38
0.01
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0.77
0.57
0.32
097
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0.07
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0.48
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1.38

1.07
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2.43
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0.24
0.47
0.81

041
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0.16
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0.23
0.19
0.35

0.00
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-0.03

0.15
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0.07
0.20

0.03
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0.
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Fig. 2. Movement of the premaxillary bone implant in a

two-dimensional coordinate system based upon the cranial
base implants (CRL). C, control group.

apparent in the premaxillary region of the animals
in Group A, who experienced a steady anterior and
superior repositioning of the premaxilla throughout
the entire 48-week experimental period (Text Fig. 2).
Displacement of the premaxilla in Group ADR ani-
mals was much less. There was less horizontal dis-
placement of the premaxilla at the 48-week observa-
tion in Group ADR compared to Group A animals
(p < 0.05). Both experimental groups were signifi-
cantly different from controls in vertical displacement
of the premaxilla at all intervals (p < 0.0005). In the
horizontal dimension, the changes in the position of
the premaxillary implant in Group A animals differed
signifiantly from Group ADR (p < 0.05) and controls
(p < 0.005). The ADR group did not differ signifi-
cantly from controls in the horizontal dimension, al-
though there was consistently more anterior displace-
ment of the premaxilla in the Group ADR animals
than in controls.

Displacement of the body of the maxilla was less
pronounced than that of the premaxilla, but the gen-
eral pattern was the same (Text Fig, 3). Serial changes
in the position of the maxilla in Group A and Group
ADR subjects were significantly different from control
values at the 12 and 24 week observations. However,
although displacement of the maxilla ceased by 24
weeks in Group ADR, it continued in Group A ani-
mals to the point where anterior and superior dis-
placement of the maxilla remained significantly differ-
ent from control values and became different from
Group ADR as well.
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Fig. 3. Movement of the maxillary bone implant relative to
the CRL.
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Fig. 4. Movement of the zygomaxillary bone implant
relative to the CRL. Changes in the control group are
extremely small and therefore are not illustrated.

Zygomaxillary process. The zygomaxillary implant
showed the least overall displacement of the implants
in the maxillary complex throughout the 48-week ex-
perimental period (Text Fig. 4). Over the first 24
weeks of the experiment, in Group A the zygomaxil-
lary process was remarkably stable. However, over
the last 24 weeks of the experiment in Group A, the
zygomaxillary implant was displaced superiorly and
anteriorly (p < 0.05). Group ADR animals, on the
other hand, underwent a marked superior displace-
ment of the zygomaxillary process during the first 24
weeks of treatment, then became stable with respect
to vertical changes but continued to be displaced
anteriorly through the 48-weeks (p < 0.05).

Muscle adaptations (Table 2)

Masseter length. Cementation of the bite-opening
appliance resulted in an immediate increase in mas-
seter length of approx. 5.0 mm, i.e. the masseter was
stretched by approx. 10-15 per cent beyond its orig-
inal length (Text Fig. 5). Surgical detachment and re-
attachment of the masseter in Group ADR immedi-
ately halved the amount of stretch brought about
by the appliance, so that the masseter muscle at the
start of treatment in Group ADR animals was approx.
2.0 mm longer than it was prior to cementation of the
appliance.

During the first 24 weeks, in animals in Group A
there was a steady decrease in the length of the mas-
seter muscle until it had shortened on average by
1.5 mm, or approx. 30 per cent of the 5.4 mm increase
in length brought about by the appliance. This change
in masseter length between the start of the experiment
and the 24-week period was significant (p < 0.01). The
masseter muscle remained the same length over the
last 24 weeks in Group A. In Group ADR, the mean
length of the masseter muscle appeared to increase
slightly during the first 12 weeks and then to decrease
on average by just over 0.5 mm by 48 weeks. How-
ever, none of the the differences in muscle length
throughout the experimental period were significant
at the 5 per cent level in Group ADR.

Masseter position. A complex picture emerges when
changes in the position of the masseter muscle are
considered. Relative to the cranium (Text Fig. 6A), the
bite-opening appliance resulted in a posterior and
slightly inferior displacement of the muscle insertion
in both experimental groups. Detachment and re-
attachment of the masseter in Group ADR resulted in
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an immediate displacement of the muscle superiorly
and anteriorly so that the total amount of stretch was
less. During the 48-week period, there was a change
in the position of the muscle markers such that the
masseter muscle appeared to migrate anterosuperiorly
toward its original location on average by 3.0 mm for
Group A and 2.0 mm for Group ADR.

The only valid way to assess whether migration of
the masseter muscle on the ramus took place, how-
ever, is to examine the position of the muscle implant
relative to the mandibular bone implants using the
mandibular reference line. In the control monkeys,
there was a small but significant posterior migration
of the masseter muscle relative to the MRL over the
48 week period (p < 0.01). Analysis of the movement
of the muscle markers relative to the MRL in Group
A revealed that the masseter muscle underwent a
transient proximal displacement that was probably
due to the initial muscle stretch, and then underwent
slight anterior movement (Text Fig. 6B). There was no
significant vertical movement of the muscle marker.
The masseter muscle in Group ADR became reposi-
tioned superiorly and slightly posteriorly relative to
the MRL as a result of the appliance and surgery. It
then moved inferiorly during the first 12 weeks, prob-
ably shortly after surgery during the process of re-
attachment to the ramus, where it remained stable.
The mean position of the insertion did not change
significantly between the 12-24 and 2448 week inter-
vals in Group ADR. Thus, with the exception of a
small but significant amount of anterior movement of
the masseter muscle in Group A during the 48 weeks
and the displacement of the masseter muscle as a
result of the detachment and re-attachment in Group
ADR, there was no significant evidence for migration
of the masseter muscle in either group throughout the
experiment.

Dental intrusion

By examining the vertical position of the anterior
and posterior corners of the occlusal surface of the
bite-opening appliance relative to the MRL, it was
posssible to estimate the extent to which the buccal
segment of the mandibular dentition was intruded.
In Group A, the premolars were intruded a mean
distance of approx. 1.7 mm (SD =+ 0.6) and the molars
by approx. 3.3mm (SD + 1.0). The premolars and
molars were intruded an average of 1.6 mm (SD +
1.0) and 2.3 mm (SD + 1.3), respectively, in Group
ADR. These amounts of dental intrusion were signifi-
cantly different from the small eruptive movements
(approx. 0.6 mm) in the control animals (p < 0.05).
The amount of intrusion of the premolars was not
significantly different between Group A and Group
ADR. However, the difference in the molar region
was closer to significance (p = 0.12).

Effects of age

Least-squares regression analysis demonstrated a
significant relationship between estimated age based
on dental wear and amount of anterosuperior distrac-
tion of the maxillary complex in Group A (r = 0.74,
p < 0.05); the older the monkey the lesser the extent
of maxillary displacement. No significant relationship
between age and maxillary distraction was found
among Group ADR animals.
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48weeks

Fig. 5. Changes in the length of the masseter muscle after
cementation of the appliance as measured radiographically
from the zygomaxillary bone marker to the masseter
muscle marker. (A), Pre-appliance; (B), immediately post-
appliance cementation (Group A) and post-appliance’
pre-surgery (Group ADR); (0), immediately post-appliance
cementation (Group A) and immediately post-surgery
(Group ADR). Cumulative mean changes and correspond-
ing 95 per cent confidence intervals are indicated. Change
in the negative direction signifies shortening.

DISCUSSION

The findings indicate that a hierarchy of related
adaptations take place within the craniofacial
complex after increasing the height of the lower face
with and without surgery. Increasing the length of the
elevator muscles of the mandible by stretching them
10-15 per cent beyond their normal resting length
without surgery resulted in a steady anterior and
superior translation of the premaxilla and maxilla
throughout the entire experimental period as well as
an intrusion of the mandibular dentition: in the molar
region. On the other hand, the region of the zygomax-
illary process, where the masseter muscle originates,
underwent only slight anterior displacement and no
superior displacement during the first 24 weeks in
Group A. At the same time, during the first 24 weeks,
there was a decrease in the stretched length of the
masseter muscle. Although consideration of the pos-
ition of the masseter muscle relative to the cranium
suggested that this was due to migration of the mas-
seter musle in an anterior and superior direction after
being lengthened, superimposition on the mandibular
implants showed that little change in muscle position
took place. These results indicate that the decrease
in the stretched length of the masseter in Group A
during the first 24 weeks of the experiment was due
principally to two related factors: (1) anterior and su-
perior translation of the premaxilla and maxilla while
the zygomaxillary region remained nearly stationary
and (2) intrusion of the buccal segment of the man-
dibular dentition, both of which allowed the mandible
to rotate superiorly relative to the cranial base.
Detachment and re-attachment of the masseter
muscles in Group ADR led to a slightly different
pattern of adaptation, in which there was marked

superior translation and little anterior displacement
of the entire maxillary complex. No masseter-muscle
shortening due to migration took place except as a
direct result of surgery.

Two related mechanisms could account for the
skeletal and dental adaptations observed. First,
increasing or stretching the functional length of the
elevator muscles of the mandible by increasing the
vertical dimension of the lower face probably resulted,
at least initially, in an increase in the habitual tension
generated by these muscles both as a result of active
muscular contraction and of passive connective tissue
forces. Active muscle contraction would result from
the muscle-spindle-mediated stretch reflex as the man-
dibular elevator muscles were lengthened (Botterman,
Binder and Stuart, 1978; Houk, 1979; Cooker, Larson
and Luschei, 1980). It is known that connective tissues
within muscles exert tension when stretched (Yemm
and Berry, 1969; Brill and Tryde, 1974; Carlson and
Wilkie, 1974). The ability of stretched soft tissues to
generate considerable force has been demonstrated
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Fig. 6. Changes in the position of the masseter muscle
marker relative to the cranial base (A) and mandibular
corpus (B) bone markers. Mean change in the position of
the muscle marker is charted from the pre-appliance stage
(indicated at the origin of the coordinate systems) until
48 weeks. Note that when the changes in masseter muscle
position are assessed relative to a coordinate system based
upon the cranial implants, there is an appearance of con-
siderable migration towards the original position of the
masseter. Alternately, when changes in masseter position
are assessed relative to a coordinate system based upon the
mandibular implants, the masseteric insertion is seen to
move little in any group except as a result of the surgical
insert in Group ADR.
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Fig. 7. Summary of adaptations to increased vertical
dimension. Stretching of the mandibular elevator muscles
brought about by the occlusal splint may increase the
tension generated by the muscles (A) and stimulate
interstitial, longitudinal growth of the muscle fibres and
associated connective tissue. This results in an imbalance
of the forces acting on the maxillary skeletal complex,
causing it to be displaced anterosuperiorly (B). Adaptive
remodelling at the sutures of the maxilla and adjacent
bones (broken lines) permits this displacement. Increased
compressive forces exerted upon the occlusal surfaces of
the mandibular post-canine dention causes intrusion of
these teeth (C). These adaptations permit rotation of the
mandible (D) resulting in a 30 per cent decrease in the
amount of stretch exhibited by the masseter muscle in
Group A. At the same time, longitudinal growth of the
muscle fibres and of the connective tissue within the muscle
probably occurs, resulting in a permanently lengthened
muscle and a reduced amount of muscle stretch. The
small amount of anterior migration of the insertion of the
masseter (E) does not contribute to this shortening.

for the masticatory system of rats by Yemm and
Nordstrom (1974). Dechow and Carlson (1982a, b)
showed that the depressed mandible exerts superiorly
directed forces even when the macaque monkey is
completely sedated. Secondly, opening the bite prob-
ably resulted in a biomechanical imbalance between
muscle function and skeletal form. It is reasonable to
assume that the forin, size and location of the maxil-
lary skeletal complex is normally maintained within a
balanced, homeostatic relationship with the muscles
of the craniofacial region. Thus, normal function of
the masticatory muscles in the adult would not cause
any appreciable change in the form of the maxillary
skeletal complex. Irtroduction of the occlusal splint,
however, caused an imbalance in this relationship
such that the muscles were re-orientated and prob-
ably changed with respect to the forces they produced
on a chronic basis, at least until the muscles became
adapted to the amount of stretch introduced by the
appliance. Thus, we can hypothesize that stretching
and re-orientating the mandibular elevator muscles
through the use of the occlusal splint resulted in both
a transient increase and a directional change in the
actively and passively generated forces exerted by
these muscles and associated soft tissues that were
dissipated through the dentition, occlusal splint and
maxillary skeleton. The net result of this increase

and re-orientation of force was a displacement of the
premaxilla and maxilla in an anterior and superior
direction, and intrusion of the buccal segments of the
mandibular dentition (Text Fig. 7). The zygomaxillary
region underwent little or no superior displacement
during the first 24 weeks of the experiment in Group
A because it is associated with the origin of the mas-
seter muscle. As no differences in the distance between
bone markers in the maxilla and premaxilla were
observed during the experimental period, displace-
ment of the maxillary complex must have taken place
as a unit, probably as a result of adaptive changes at
the zygomaxillary and pterygopalatine sutures. Due
to the significant relationship between the amount
of maxillary response and age in Group A, it also
appears that the ability of these sutures to respond is
a function of both treatment and age.

The pattern of craniofacial adaptation after cemen-
tation of the occlusal splint and muscle surgery in
Group ADR indicates that the mechanisms respon-
sible are in general similar to those in Group A, with
the important difference that the effect of stretching of
the masseter muscle was largely alleviated. The result-
ing vector of the elevator muscles of the mandible
after stretching in Group A was mainly anterio-
superior. However, because the masseter muscle was
stretched only slightly and because it was temporarily
incapacitated in Group ADR by the surgery, the
chronic forces acting on the mandible in Group ADR
differed from those in Group A both in magnitude
and direction. The temporalis and medial pterygoid
muscles became the principal elevators that were both
intact and stretched in Group ADR, perhaps resulting
in a more superiorly-directed force acting on the man-
dible and maxilla. This may have brought about the
more superiorly-directed displacement of the maxil-
lary complex and decrease in dental intrusion in
Group ADR.

There are a number of mechanisms by which the
craniofacial complex in general and its muscles in
particular can adapt after stretching of the muscles of
mastication [see Carlson et al. (1982) and Carlson and
Poznanski (1982) for reviews]. For example, tension
created by stretched muscles might actually cause
their skeletal attachments to become displaced so that
they come closer together, thus aliowing the muscle to
shorten. Such displacement of osteotomized segments
after alteration of muscle origin and insertion is char-
acterized as skeletal relapse. Muscle stretch may also
result in longitudinal growth of the fibres through the
addition of sarcomeres (Tabary et al., 1972), increased
amounts of connective tissue within the muscles and
migration of muscles (Hoyte and Enlow, 1966; Carl-
son et al, 1982). Maxwell et al. (1981) found some
evidence to indicate that stretching of the mandibular
elevator muscles results in an increase in sarcomere
number per fibre; however these data were ambigu-
ous because of differences in body size and small
sample sizes for each experimental interval. As the
animals in the present study were not killed at its
completion, it was not possible to examine whole
muscle fibres to demonstrate whether sarcomere num-
ber per fibre increased in the experimental animals.
The lack of any significant superior displacement of
the muscle markers relative to the mandibular bone
markers (Fig. 6B) demonstrated that there was no sig-
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nificant interstitial fibre growth distal to the markers
within the masseter. However, it is likely that the sum
total of the sarcomeres added to fibres in series proxi-
mal to the markers was sufficient to increase the
length of the masseter muscle. We suggest, therefore,
that the tension produced by the stretched muscles
and connective tissues resulted in sutural growth lead-
ing to displacement of the maxillary complex that
continued until a new homeostasis between muscle
length, muscle function and skeletal form was estab-
lished, ie. until the stretch of the muscles and soft
tissues was largely alleviated. As the analysis of mas-
seter muscle position effectively eliminates the possi-
bility of muscle migration in this adaptive response,
we propose three mechanisms that most reasonably
explain the muscle adaptation: (1) shortening of the
stretched masseter due to distraction of the maxillary
complex and rotation of the mandible, (2) longitudi-
nal, interstitial muscle fibre growth via addition of
sarcomeres and (3) connective tissue growth. The lat-
ter two resulted in a permanently lengthened muscle.
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Plate 1.

Fig. 1. Lateral cephalograms of an adult female rhesus monkey immediately prior to (A) and after (B)
cementation of the bite-opening appliance. b, Bone implant; m, muscle implant; appl, the appliance.
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