
Mandibular mechanics following osteotomy and appliance
placement. II. Bone strain on the body and condylar neck

Katherine L. Rafferty*,1, Zongyang Sun2, Mark A. Egbert3, Emily E. Baird4, and Susan W.
Herring*,1
1Dept. of Orthodontics, Box 357446, University of Washington, Seattle WA 98195

2Dept. of Oral Biology, Box 357132, University of Washington, Seattle WA 98195

3Div. Of Oral and Maxillofacial Surgery, Children's Hospital and Regional Medical Center, 4800
Sand Point Way, PO Box 5371, Seattle WA 98105

4School of Dentistry, Box 356365, University of Washington, Seattle WA 98195

Abstract
Purpose—The purpose of this investigation was to determine if the mechanical environment of the
mandible is changed by osteotomy and fixation, as assessed by the measurement of bone strain on
the condylar neck and mandibular corpus.

Materials and Methods—Immediately following unilateral mandibular osteotomy and distractor
placement, strain gauges were attached directly to the corpus and condylar neck in a sample of
domestic pigs. Bone strains were recorded during mastication and muscle stimulation. Comparisons
of principal strain magnitudes and orientations were made between sides and between the osteotomy
sample and a control database.

Results—The animals preferred to chew on the non-osteotomy side. Corpus strains were higher
for osteotomy-side chewing but were comparable to the control database, regardless of chewing side.
For the condyle, compared to the control database and the non-osteotomy side, the osteotomy side
was underloaded in compression. Furthermore, the orientation of compressive strain was highly
variable and more horizontally oriented than that of control and non-osteotomy condyles. Stimulation
of the masseter and medial pterygoid loaded the mandible to normal levels.

Conclusions—Masticatory behavior was altered, probably as a combined result of disruption to
the occlusion, changes in muscle recruitment, and probable loss of sensory feedback. However,
neither these changes nor damage to the muscles explain the decrease and reorientation of
compressive strain on the condylar neck. Alternatively, the modified strain pattern could have arisen
from positional instability of the proximal bone fragment.
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INTRODUCTION
Distraction osteogenesis is an increasingly popular method for the treatment of hemifacial
microsomia and other disorders1-2. The distraction appliance serves to fix the osteotomy while
also gradually opening the gap to promote the apposition of new bone. While tensile force is
applied to both the proximal and distal segments, tissue contact between the mandibular
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condyle and articular eminence prevents posterior displacement of the proximal segment. As
a consequence, it is expected that the process of distraction puts compressive loads on the
condyle. In the short term, degenerative alterations in the temporomandibular joint have been
observed in several animal models, including dogs3, rabbits4, sheep5 and pigs6 following
mandibular distraction. Changes in the mandibular condyle may also result from mechanical
changes associated with the presence of an osteotomy and appliance, and/or the partial resection
of masticatory muscles.

We have previously demonstrated that an acutely placed distraction appliance allows
micromovements of the osteotomy gap on a scale of several hundred micrometers7.
Mastication was sufficient to cause these movements. In patients also, the mandible continues
to experience occlusal and joint reaction loads throughout the process of jaw lengthening and
healing. In this study we explore mandibular loading in a sample of animals with acute
osteotomy through the use of strain gauges applied to the mandibular condyle and corpus. An
actual distraction was not accomplished. Rather, our objective is to determine if the mechanical
environment of the mandible is changed by osteotomy and fixation, and if so, how the
magnitudes and orientations of bone strains are altered.

MATERIALS AND METHODS
The samples were a subset of animals described previously7 and included twenty-four domestic
pigs, ranging in age between six and eight weeks and comprised of both sexes. All animal
procedures were approved by the University of Washington Institutional Animal Care and Use
Committee.

Over a period of a week the pigs were handled and fed in the laboratory environment, and
electromyographic (EMG) activity of the masseter and temporalis muscles was recorded during
one of the feeding sessions. This preoperative EMG served as a normal baseline for comparison
with muscle activity patterns following osteotomy.

On the day of the terminal surgical procedure, the animals were anesthetized with isoflurane
and nitrous oxide. An incision was made along the inferior border of the mandible. The anterior
portion of the masseter was exposed and reflected from the mandible. An oblique corticotomy
(60° to the occlusal plane) was made at the intersection of the mandibular body and ramus, and
a Synthes® (Monument, CO) or a KLS-Martin® (Jacksonville, FL) distraction appliance was
attached with self tapping screws (Figure 1). The fixation of the distractor prior to completion
of the osteotomy prevented shifting of the mandibular fragments, preserving occlusion as much
as possible. Following completion of the osteotomy, instrumentation was placed to measure
bone strain on the mandible.

In Group 1 (n=13), rosette strain gauges (SK-06-030WR-120, Measurements Group, Raleigh,
NC) were installed on the right (osteotomy side) condylar neck and mandibular body, whereas
Group 2 pigs (n=11) received gauges on both the right and left (non-osteotomy side) condylar
necks, but not on the mandibular body (Figure 1). Standard procedures of site preparation and
application were followed8. Analgesics (Ketorolac, buprenorphine) were administered and
incisions were infiltrated with a topical anesthetic (lidocaine).

The gas anesthesia was removed and the animals were allowed to awaken briefly and to eat
pig chow. The animals typically ate enthusiastically, during which time strain gauge and EMG
data were recorded, along with data from other instrumentation7. Strain signals were
conditioned and amplified (2100 System, Measurements Group, Raleigh, NC) and output to
the computer using Biopac Systems, Inc. (Santa Barbara, CA) hardware and AcqKnowledge
software. One or two series of 15-20 consecutive chews were selected per animal for analysis.
The chew cycles were selected with the major criterion being clear strain signals. The principal
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strain magnitudes (εMAX and εMIN, tension and compression, respectively) and orientations
were calculated in Microsoft Excel using standard formulae (Tech Note 515, Measurements
Group Inc.). The peak principal strains for each power stroke were identified as those
coinciding with γPEAK, the maximum shear strain (γPEAK = εMAX − εMIN).

The pigs were reanesthetized after about 10 minutes of feeding and muscle stimulations were
carried out. Stimulating electrodes were placed in the bilateral masseter, medial pterygoid,
digastric and lateral pterygoid muscles. Tetani were produced by 600ms trains of 5ms pulses
delivered at 60 pulses per second (model S48 and SIU, Grass, Quincy MA), and voltages were
adjusted to achieve supramaximal contractions. Only the masseter and medial pterygoid
muscles produced significant bone strains. Following completion of these procedures, pigs
were euthanized.

Stimulation strain data were collected and analyzed similarly to mastication strain data.
Stimulations of the masseter and medial pterygoid muscles provide information on the extent
to which these muscles are capable of loading the condyle following the surgical placement of
the distraction appliance. The most relevant comparisons are thus between right (osteotomy)
side condyle strains produced by the right masseter and medial pterygoid and left (non-
osteotomy) side condyle strains produced by left side muscles.

Descriptive statistics (mean and standard deviation) were calculated for the principal strain
magnitudes. Comparisons between strains produced by right and left side chews, and between
osteotomy and non-osteotomy side condyles were made using paired t-tests on individuals with
data from both sides. Comparisons were made between each side (osteotomy, non-osteotomy)
and a control database using two-sample t-tests. The control database for the condyle strain
consisted of a previously published group of four 12 to 16 week old Hanford minipigs9,
supplemented by one 8 week and two 12 to 16 week old minipigs (data unpublished). The only
available comparative control sample for mandibular corpus strain consisted of much larger
eight month old Hanford minipigs10. For the stimulation data, paired t-tests were used to
compare osteotomy side condyle strains produced by the same side masseter and medial
pterygoid to non-osteotomy side condyle strains produced by non-osteotomy side muscles.
Correlations between masticatory and stimulation shear strain in the same animals were
calculated for each condyle using Pearson's correlation coefficient.

RESULTS
Mastication

1. Chewing side preference—The chewing side for each strain peak was determined for
most animals using the onset and duration of the EMG signals. Postoperatively approximately
half (n=11) of the animals demonstrated both right (osteotomy side) and left (non-osteotomy
side) chewing patterns with a tendency for more left side chews. About a quarter (n=6) of the
animals showed a strong bias for left side chews, with few unambiguous examples of clear
right side chews. The remaining subset of animals (n=5) had poor EMG and thus chewing side
could not be determined. Chewing patterns were also further examined in a subset of five
animals with good pre and post-operative EMG (data not shown). The frequency of right versus
left side chews was nearly even preoperatively (48% right, 44% left, and 8% indeterminate)
but became skewed in favor of the non-osteotomy side (15% right, 79% left, and 5%
indeterminate). For many of the animals the timing of the osteotomy side masseter was unusual,
making it difficult to diagnose chewing side. Normally, the masseter on the chewing side (and
presumably the side of the main food bolus) is activated slightly later and turns off later than
the contralateral. The ipsilateral masseter not only contributes to adducting the jaws and
crushing the bolus, but also by virtue of its timing serves to swing the mandible toward the
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midline (in concert with the contralateral temporalis). The common absence of this pattern
suggests a more “chopping” type of osteotomy side chewing.

2. Corpus Strain—Results for mandibular corpus strain are presented in Table 1. The strain
magnitudes on the right (osteotomy) side mandibular body were significantly larger during
same side chews than during opposite (left) side chews (p < 0.02, paired t-test, Table 1, Figure
2). Strain orientation, which did not vary according to chewing side, was rostral-dorsal for
compression and caudal-dorsal for tension, relative to the occlusal plane.

3. Condylar neck strain—For the condylar neck, chewing side made no difference in strain
pattern in Group I (Table 2). These data are therefore combined and pooled with data from
animals that chewed only on the left side or had unknown chewing side patterns, to create a
larger sample (). Comparisons between osteotomy side, non-osteotomy side, and control
sample condylar neck strains are presented in Figure 3. Osteotomy and non-osteotomy side
strain comparisons were conducted in two ways. First, the total samples were compared using
two-sample Student's t-tests. Second, a subset of animals (n=8) that had both right and left
condylar gauges were compared using a paired t-test (see shaded area in Table 2). As the
findings were similar, only the results of the more conservative paired sample are shown
(Figure 3). The osteotomy side experienced less (absolute) principal compressive strain than
the non-osteotomy side. While tensile principal strain was also less on the osteotomy side, this
difference did not reach significance.

Comparisons with the control database further elucidate these differences. Principal
compressive strain was significantly less in the osteotomy side condylar necks compared to
the control data (Figure 3). Principal tensile strain was not significantly different between the
osteotomy side and control data. For the non-osteotomy side condylar neck the principal
compressive and tensile strain values were elevated, but not significantly so, in comparison to
the control sample strains (Figure 3). Thus, the significant difference in compressive strain
between sides is accounted for primarily by a decrease in compressive strain on the osteotomy
side. However, the slight increase in compressive strain on the non-osteotomy side contributed
to the side difference. No significant side differences were found in tensile strain due to the
fact that both sides showed increased tension (non-significant) compared to the non-surgical
control database.

The distribution of condylar compressive strain orientations for the right (osteotomy) and left
(non-osteotomy) sides of each individual is shown in Figure 4. The strain orientation on the
osteotomy side condyle varied greatly among individuals, whereas it was quite consistent on
the non-osteotomy side condyle, which was essentially identical to the control database. The
wide distribution of angles on the osteotomy side makes it problematic to calculate a mean
angle because it is necessary to decide if angles between 0° and 90° should be “flipped” 180°
to larger angles below the occlusal plane (180° to 270°)(see Figure 4). The tightest cluster of
orientations consisted of those that fell within 90-270° (mean was approximately 180°, parallel
to the occlusal plane). The distribution of compressive strain orientations on the osteotomy
side condyle do not overlap with the controls. Biologically, the important findings are that,
first, the non-osteotomy (left) side strain orientation is “normal.” The compressive strain is
directed dorso-caudally (at 116°), the same as in the control database. Second, the strain
orientation on the osteotomy (right) side condyle is highly variable among the same individuals.
Third, even considering the variability, compressive strain orientation on the osteotomy side
differs from the non-osteotomy side/control database in being more horizontal.
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Muscle Stimulation
Muscle stimulation data are compared in Table 3. The major interest of this comparison was
to determine whether reflection of a portion of the right muscles during surgery had a
detrimental effect on their ability to load the condyle. If so, then stimulation of right muscles
should have resulted in lower strains on the right condyle compared to those produced on the
left condyle by the fully intact left muscles. The paired t-tests revealed no significant
differences in magnitude or orientation between osteotomy and non-osteotomy side condyle
strains produced by same side muscle stimulations. Seven animals had smaller osteotomy side
shear strains (from osteotomy side masseter contractions) compared to the untreated side/
untreated side muscle contractions. However, four animals had the opposite condition,
effectively canceling any group differences. Similarly, for the medial pterygoid, there was an
equal effect, with fully half the animals having larger strains on the osteotomy side. Moreover,
there was no correlation between the magnitude of the stimulation strains and the magnitude
of the masticatory strains for the same condyle in the same animals (right condyle muscle
stimulation strain versus right condyle mastication strain p=0.253, and left condyle masseter
stimulation strain versus left condyle mastication strain p=0.250). Thus, the decreased
magnitude of compressive strain on the osteotomy side during mastication cannot be ascribed
to muscle injury.

While there were no side differences in strain orientation, it is interesting to note that the
compressive orientation on the condyle in response to masseter stimulation was 63°, which is
more rostral than the “normal” orientation produced by mastication (116°)(Figure 5). On the
other hand, the orientation of compressive strain on the lateral condylar neck resulting from
stimulations of the medial pterygoid, which has not previously been reported, is more caudal
(154°)(Figure 5).

DISCUSSION
The strain gauges placed in this study recorded overall patterns of bone deformation rather
than the site-specific effects of the surgery and appliance. Unusual strains associated with loads
at fixation points (screws) are likely to be highly localized and clearly are not detected by the
strain gauges that were located well over 1 cm away. The strains observed indicate that the
distractor appliance did not provide a stress-shielding effect. Although strain magnitudes were
lower on the osteotomy side condylar neck than control values during mastication, the
mandibular corpus showed no such decrease. Furthermore, osteotomy side condylar strains
were the same as those of the non-osteotomy side for muscle stimulations.

Although there were changes in masticatory strain following the procedures, these relate to
functional changes. Chewing itself was altered to some degree, because a chewing preference
for the non-osteotomy side developed post-surgery. Nevertheless, most animals continued to
chew, at least some of the time, on the side of the osteotomy. Surprisingly, the side of chewing
had only a minor impact on mandibular strain, affecting solely the magnitude (and not the
orientation) of strain on the corpus. Condylar strain was unaffected by chewing side.

The present study and the control database10 both showed rostral-dorsal compression and
caudal-dorsal tension on the mandibular corpus. Bone strain on the mandibular corpus is
thought to reflect torsion resulting from the opposite rotations applied to the molars by jaw
movement and to the ramus by muscle contraction11-12. Assuming this model is correct, the
absence of a change in the present study shows that the action of the muscles is not essential
or that the muscles could still exert their effect through the rigid distractor. The fact that the
osteotomy side corpus showed larger strains during working side chewing than balancing
cycles is surprising. Although working-side mandibular strains are larger than balancing side
strains in many species13-15, the previous study on pigs did not show such a difference10,
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probably because pigs have bilateral occlusion. While we did not advance the distractor in this
acute study and the occlusion was intact, the loss of tissue from the saw cut and the instability
of the osteotomy7 must have slightly altered the alignment of the tooth row. In particular, the
typical bilateral occlusion may have been disrupted such that the teeth on the right side were
well intercuspated only when the pig chewed on that side, accounting for the larger working
side strains.

The most notable differences in strain pattern occurred on the condylar neck. In particular, the
osteotomy side had lower strain magnitudes than the non-osteotomy side, significantly so for
compressive strain. This could be explained by either an increased magnitude on the non-
osteotomy side, a decreased magnitude on the osteotomy side, or a combination of both. When
compared with a control database, osteotomy side compressive strains were significantly lower
(absolute magnitude), while non-osteotomy side compressive strains were not significantly
higher. Thus, reduced loading of the osteotomy side condyle probably accounts for most of the
side discrepancy. It is interesting that the osteotomy side condylar loading pattern was also
altered in terms of the ratio of tension to compression and in strain orientation. Unlike the non-
osteotomy side and the control data, tensile strain was greater in absolute magnitude than
compression. The orientation of the principal strains was also highly variable on the osteotomy
side. This variability was most pronounced among individuals but was also evident within
some individuals. Overall, compressive strain was more horizontally oriented than in the non-
osteotomy side or control database.

Two possible explanations for the decreased strain magnitude and altered orientation on the
condyle of the osteotomy side are 1) decreased loading due to partial reflection of the masseter
and medial pterygoid muscles, and 2) decreased loading due to changes in masticatory
behavior. Despite the partial removal of the right side masseter and medial pterygoid,
stimulation of these muscles did not consistently produce lower strains than that of the
contralateral condyle/muscle. Moreover, there was no correlation between the magnitude of
strain produced by mastication and the magnitude of strain produced by muscle stimulation.
Thus, the first possibility is rejected. With regard to the second possibility, injury to the right
side mandible, change in occlusion with appliance placement, and loss of sensory feedback
due to damage to the inferior alveolar nerve are all possible reasons why the animals might
chew differently or avoid the osteotomy side. Because the pigs were avoiding the osteotomy
side, it seems reasonable to expect that this change in masticatory behavior was responsible
for decreased and altered strain. However, this argument has limited explanatory power given
the large working side strains on the mandibular corpus. Furthermore, strains on the osteotomy
side condyle were identical for left and right chewing cycles. Thus, the reduced loading on the
osteotomy side condyle does not result from the preference for left side chewing. Although
difficult to analyze quantitatively, examination of EMG signals revealed that the timing of the
osteotomy side masseter was unusual, suggesting a more “chopping” style of osteotomy side
chewing. However, this change in chewing behavior also does not account for the condylar
strain patterns, because there was no difference in condyle strain between right and left chewing
sides but rather a difference between right and left condyles. Because the temporalis and deep
masseter were not recorded, it is not possible to make a full assessment of the muscular
contributions to mandibular loading. Nevertheless, neither muscle damage nor changes in
chewing behavior can explain the fundamental change in osteotomy side condylar loading.

The most likely explanation for reduced and altered osteotomy-side condylar loading is the
instability of the fixation itself, as previously documented7. Poor control of the small
mandibular fragment on the right side could account for the variability of strain orientation.
Furthermore, mobility during the power stroke would act to decrease strain magnitude (which
increases for more isometric contractions). Finally, the predominant pattern of sagittal bending
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of the mandible7 would tend to rotate the osteotomy side condyle backward, and thus lead to
compressive strains that were less vertically and more horizontally oriented, as were observed.

This study was done on an acute basis and cannot answer questions regarding the long term
consequences of mandibular distraction on condylar loading. Chronic studies on mandibular
distraction in which strain is measured at different endpoints are needed in order to determine
if the osteotomy side condyle continues to be underloaded in compression and to have altered
strain orientations.
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Figure 1.
Osteotomy location, distractor placement, and strain gauge locations. Numbers refer to Group
1, which had rosette strain gauges on the right condyle and mandibular corpus, and Group 2,
which had rosette strain gauges on the right and left condyles.
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Figure 2.
Magnitude and orientation of peak principal strains on the mandibular corpus during
mastication. Solid lines represent right (osteotomy) side chews and dashed lines represent left
side chews. Outward directed arrows depict principal tensile strain, and inward directed arrows
depict principal compressive strain. The asterisks indicate significant differences (p<0.05) in
strain magnitude of right and left chews based on a paired t-test (data in Table 1). No differences
were found in strain orientation.
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Figure 3.
Condylar neck peak principal strain magnitudes during mastication. Positive values are
principal tensile strain and negative values are principal compressive strain. Osteotomy side =
no-fill, non-osteotomy side = black, control database = pattern. The asterisks indicate
significant differences (p<0.05) in strain magnitude between osteotomy and non-osteotomy
sides (paired t-test) and between these samples and the control (two sample t-test).
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Figure 4.
Compressive strain orientation on the condylar neck during mastication. Dotted lines are the
strain orientations in the control database and solid lines are the strain orientations in the
osteotomy (right) and non-osteotomy (left) samples. Angles are the orientation of principal
compressive strain above the occlusal plane.
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Figure 5.
Summary of compressive strain orientation on the condylar neck during stimulation of the
medial pterygoid, masseter, and during mastication. Averages of data presented in Tables 2
and 3.
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Table 1
Peak principal corpus strains (osteotomy side) during mastication on different sides.

Non-osteotomy side chews Osteotomy side chews

I.D. #

# of
cycles
L/R/U εMAX (με) εMIN (με) angle (degrees) εMAX (με) εMIN (με) angle (degrees)

3 31/20/0 77 (32) −66 (38) 72 (16) 159 (47) −116 (12) 80 (12)
6 13/13/0 84 (7) −116 (17) 21 (3) 131 (50) −169 (56) 24 (4)
7 11/9/0 71 (46) −52 (29) 58 (6) 172 (62) −81 (37) 64 (7)
8 19/9/0 78 (25) −114 (26) 26 (6) 105 (44) −109 (40) 30 (8)
9 17/3/0 180 (62) −62 (34) 43 (20) 304 (62) −191 (36) 54 (8)
12 12/10/0 74 (43) −78 (30) −21 (10) 99 (32) −87 (26) −11 (3)
13 13/12/0 56 (13) −56 (10) −5 (7) 45 (13) −79 (21) −27 (22)
14 13/11/0 54 (23) −75 (30) 14 (2) 44 (28) −82 (38) 18 (3)
15 17/12/0 182 (40) −79 (22) 27 (5) 208 (62) −105 (36) 31 (6)
16 11/13/0 75 (25) −101 (24) 35 (12) 94 (60) −124 (58) 42 (15)

Mean 93* −80* 27 136* −114* 31
S.D. (47) (23) (28) (79) (38) (33)

Values are means, (standard deviations).

L/R/U are number of left, right and unknown side chew cycles analyzed.

εMAX, peak tensile principal strain; εMIN, peak compressive principal strain; angle is degrees of εMIN above the occlusal plane.

*
p < 0.02, paired t-test between chewing side strains.
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Table 3
Condyle strains during same side masseter and medial pterygoid contraction.

Masseter Medial Pterygoid

R Muscle, R condyle L Muscle, L condyle R Muscle, R condyle L Muscle, L condyle

Indiv. # γMAX (με) angle (degrees) γMAX (με) angle (degrees) γMAX (με) angle (degrees) γMAX (με) angle (degrees)

18 284 79 149 0 no data no data no data no data
19 76 74 437 59 no data no data no data no data
20 117 58 455 95 363 155 244 185
21 191 59 1911 64 361 161 760 147
22 71 49 239 78 711 155 202 157
23 76 7 163 28 586 127 78 199
24 246 59 468 47 62 143 47 132
25 300 70 684 61 671 159 912 139
26 186 79 137 97 249 144 562 148
27 380 60 127 110 210 140 406 150
28 614 75 349 79 no data no data no data no data

Mean 231 61 465 65 402 148 401 157
S.D. 163.4 20.4 511.6 32.1 233.2 11.6 318.4 23.1

Values are means. γPEAK, shear strain; angle is degrees of εMIN above the occlusal plane.
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