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Comparison of relative mandibular growth
vectors with high-resolution 3-dimensional
imaging
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Introduction: The mandibular rami and their endochondrally growing condyles develop in many directions
relative to the variable anatomic patterns of the nasomaxilla and middle cranial fossae during growth and
response to orthopedic treatment. Methods: High-resolution magnetic resonance images were used to compare
3-dimensional (3D) growth vectors of skeletal displacement and bone remodeling in 25 untreated subjects with
Class Il malocclusions, 28 subjects with Class Il malocclusions who were treated with Frankel appliance therapy,
and 25 subjects with normal occlusions. Marked differences were noted over an 18-month observation period.
The 3D coordinates of anatomic landmarks were registered by Procrustes fit to control for rotation, translation,
and scale differences. Results: Compared with untreated Class Il and normal-occlusion subjects, the treated
group showed highly significant differences in the 3D displacement/remodeling vectors of gonion and pterygo-
maxillary fissure relative to condylion and middle cranial fossae bilateral skeletal landmarks, by using both
permutation tests (P < .001) and a general linear multivariate model (P < .0001). Conclusions: In a prospective
and systematically controlled study, we quantitatively described significant 3D rami skeletal compensations in the
structural assembly of facial morphogenesis at the beginning of the adolescent growth spurt using novel modeling
techniques. These techniques have facilitated quantification of relative 3D growth vectors to illustrate skeletal
changes with Frankel appliance therapy. Future studies are required to assess the long-term clinical significance

of our findings. (Am J Orthod Dentofacial Orthop 2005;128:27-34)
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stimation of 3-dimensional (3D) displacement

and bone remodeling is important for quantify-

ing outcomes of orthopedic therapy and ortho-
gnathic surgery, and correcting craniofacial anomalies
and developmental defects." Although growth of the
face and jaws has been measured in 2 dimensions,
structural changes at specific locations are not suffi-
ciently reflected in cephalometric measurements.”®
Three-dimensional quantitative assessment of morpho-
logic alterations has the potential to precisely locate
changes of clinical significance in craniofacial'"*®* or
neurologic'®!'" disorders, identifying major features of
the 3D growth vectors.'?

During growth and response to orthopedic treat-
ment, the mandibular rami and condyles develop in
many directions relative to all possible individual
variations in the nasomaxilla and middle cranial fossae
anatomic patterns.”’16 However, identification of the
rami’s role relative to skeletal compensations in max-
illomandibular discrepancy corrections cannot be ad-
dressed by comparisons with population norms, angles,
and interlandmark distances.'”'® This prospective
study used high-resolution 3D magnetic resonance
images, applying mathematically sound and readily
interpreted analytical methods. Magnetic resonance
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imaging (MRI) has been applied for visualization and
accurate measurement of skeletal and soft tissues.'’
Bookstein®® and Dryden and Mardia®' presented
groundbreaking mathematical methods for 3D morpho-
logical analysis based on the coordinates of anatomical
landmarks.

Evidence that the rami and the condyles might play
compensatory roles in skeletal growth and response to
treatment comes from the findings of implant'*'> and
histological'® studies. Now, quantitative descriptors of
3D rami skeletal compensations can assess the manner
of assembly of structural components involved in facial
morphogenesis. The quantification of changes in skel-
etal morphology includes 2 significant developmental
processes during bone growth: primary or secondary
displacement, and bone surface remodeling.'® The
alteration of landmark position during growth and
treatment involves these simultaneous processes of
bone surface remodeling, primary displacement by
individual bone growth, and secondary displacement by
the growth of adjacent structures. This study assessed
the 3D displacement/remodeling at skeletal landmarks
between high-resolution MRIs taken initially (T1) and
18 = 1 months later (T2) of children at the beginning
of the adolescent growth spurt. Specifically, we quan-
tified the structural change at skeletal landmarks in the
mandibular rami relative to the middle cranial fossae
and the posterior boundary of the nasomaxilla. This
assessment included landmarks located at the rami
boundaries and articulations with other anatomic com-
ponents during growth, such as the pharyngeal space
beneath the middle cranial fossae, between the right
and left temporomandibular joints, and the posterior
part of the maxilla that places the mandibular corpus
and its dental arch in functional occlusion.

MATERIALS AND METHODS

This prospective study sample included 156 (2 x
78) MRI 3D head scans from 78 children (41 girls, 37
boys). The MRIs were taken at T1 and T2. A graduate
student (A.A.F.) and an assistant professor (L.H.S.C.)
at the Department of Orthodontics, Methodist Univer-
sity of Sdo Paulo, Brazil, recruited and screened chil-
dren in neighborhood schools and assessed them clin-
ically. The inclusion criteria specified white Brazilian
children aged 9 to 12 years, at the end of the mixed
dentition, at the beginning of the pubertal growth spurt
(evaluated by skeletal maturation in hand and wrist
x-rays), with no early loss of primary teeth, and no
absence of permanent teeth. Fifty-three patients who
met these criteria had clinical evaluations of Class II
Division 1 malocclusions, with at least three-fourths
cusp Class II molars and overjets between 4.5 and 10
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mm; 25 subjects had normal occlusions, with molar
relationships of Class I or edge-to-edge, canines in
Class I, and overjets from 1 to 2.5 mm.

The Class II subjects were randomly allocated to 2
subgroups, treated and control, to avoid bias in the
group comparisons.”” The treated group comprised 28
subjects treated with orthopedic appliances for mandib-
ular advancement; the control group included 25 un-
treated subjects. The Class II controls received treat-
ment after the 18-month observation period. The 25
children with normal occlusions served as a normal
group for comparisons. At T1, the mean ages were 10.3
* 0.9 years for the treated group, 10.9 * 0.7 years for
the Class II control group, and 10.2 = 0.8 years for the
normal group.

The clinical assessment and image acquisition and
analysis protocols were described by previously by
Cevidanes et al.>>**

This analysis included identification and recording of
coordinates of 8 bilateral, 3D anatomic landmarks in the
coronal, axial, and sagittal planes at craniofacial growth,
remodeling, and displacement fields'*"'*2>: (1) maxillary
tuberosity, (2) mandibular condyle, (3) posterior and
lower borders of the rami, and (4) greater wings of the
sphenoid.** The landmarks were analyzed as fully infor-
mative 3D locations, although future analyses could con-
trol for less-informative directions of variation.**

Statistical analysis

Two statistical approaches were used to assess 3D
landmark relative displacement/remodeling from T1 to
T2. The first approach was generalized least-squares
Procrustes analysis (GPA)?%?'2%2% of the 156 images
of the landmark coordinate data sets. Permutation tests
of the coordinate-wise differences between T1 and T2
for individual landmarks after superimposition deter-
mined whether the relative 3D displacement/remodel-
ing with growth/response to treatment was differently
distributed in the treated, untreated Class II, and nor-
mal-occlusion groups. The permutation tests were per-
formed by using Morpheus et al.*

The second approach involved rotation, translation,
and scaling of each T1 landmark coordinate data set by
Procrustes fit relative to a template that was the average
of 5 normal subjects not included in the sample. Each
T2 landmark coordinate data set was rotated and
translated with Procrustes fit applying the T1 scale
factor of its matching configuration to control size
variability without scaling the growth/treatment re-
sponse changes. A general linear multivariate model
(8.2, SAS, Cary, NC) was used to determine the
coordinate-wise differences between T1 and T2 for
each landmark. The saturated model was given by:
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Y (78 x 240 = X78 x 8 B 8 x 24y T E (78 x 24)» Where Y
denoted the matrix with columns being differences
between T1 and T2 for the x, y, and z landmark
coordinates of the right and left anatomical landmarks
(condylion, gonion, middle cranial fossa, pterygomax-
illary fissure) and with rows corresponding to subjects.
These were considered within-subject variables. The
rows {Y;} were considered mutually independent, with
€Y = XB, while the landmark displacement/remodel-
ing within a person was correlated. X was the “design
matrix,” which was assumed to be fixed and known, or
at least conditional on choosing the sampling units. In
this case, the predictors in the model (between-subject
effects) were sex and group (treated, untreated Class 1II,
and normal occlusion). So, X = [1 X, X, X5 X, X5 X,
X,], where X, represented the vector (78 x 1) that
contains the sex of the subject, X, the centered age, X; the
quadratic centered age, X, the group, X the interaction
between group and sex, X, the interaction between cen-
tered age and group, and X, the interaction between
quadratic centered age and group. B was the matrix
regression coefficients that were unknown, so that:

B = o1 Moo - Mo24
MeM,1 M2 - - - MM 24

“‘agec,l p‘agec,Z s Magec,24

Mgrage2,1 Mgrage2,2 - « - Pogr_age2,24(8x24)

In this case, we considered each row iid, such that: row;
(E) ~ Ny (0, 2(78 x 78))

Because the 3 groups did not show significant
interactions with sex, quadratic centered age, and cen-
tered age, these terms were removed from the investi-
gation model. We used the mean between right and left
landmark coordinates as the outcome response, because
no effect of landmark side (right or left) in the group
was observed, and this sample did not have noticeable
asymmetry. Because right and left displacement/re-
modeling would be geometrical mirrors, the data were
coded with respect to anteroposterior, inferosuperior,
and lateromedial directions of displacement/remodel-
ing. Hence, the final model includes 12 response
variables (right/left averages) and only the treatment
group as the factor for the landmark displacement/
remodeling between T1 and T2. To access statistical
significance, we used the Wilks test at the 5% level of
significance and the Bonferroni adjustment when it
involved multiple pairwise comparisons,”’ where all
the P values reported refer to the mean value of the
scaled displacement/remodeling between T1 and T2.
For quantitative assessment of relative landmark dis-
placement/remodeling, the scale factor was put back
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Fig 1. Overlap of mandibular ramus at T1 (red) and T2
(green). Mandibular rami 3D models are shown without
surface smoothing but, rather, display exact segmenta-
tion of each 1-mm thick slice.

into the analysis, the data were rescaled by the original
T1 scale factors, and descriptive statistics of median
values and quartiles were reported in millimeters.

RESULTS

The Procrustes fit based on 3D landmark pairs,
located at the boundaries of anatomic components that
articulate during growth, allowed relative superimposi-
tion of the mandibular rami at T1 and T2, as shown in
Figure 1. The relative surface distance between T1 and
T2 structures can indicate the growth/response to treat-
ment alterations as a result of either remodeling or
displacement. In Figure 2, blue suggests areas of bone
resorption or displacement, and red suggests areas of
potential bone deposition or displacement.

Generalized least-squares Procrustes analysis of the
156 landmark-coordinate data sets removed variability
among different image acquisitions because of rotation,
translation, and size that could overwhelm and obscure
variability in craniofacial form (Fig 3). When we
compared the treated group with the untreated control
group with Class II malocclusions and normal-occlu-
sion groups (Table), permutation tests of the net differ-
ence between T1 and T2 for each landmark showed
highly significant differences of the 3D relative dis-
placement/remodeling vectors of gonion and pterygo-
maxillary fissure bilateral skeletal landmarks (P <
.001, Bonferroni adjusted), and significant differences
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Fig 2. Surface distance between T1 and T2 images with color coding: blue indicates inward
movement or bone resorption to red, indicating outward movement or bone deposition. A, Lateral

view of mandibular rami; B, posterior view.

Treated Time 1
Treated Time 2

Sagittal view

Untreated Class Il Controls Time1 ¢  Normal Occlusion Time 1
Treated Time 2

Normal Occlusion Time 2

Coronal view

Fig 3. Generalized least-squares Procrustes fit of 156 landmark-coordinate data sets.

Table. Permutation tests of landmarks’ overall 3D dis-
placement/remodeling between T1 and T2

Group Co Go MCF PTM

Treated vs normal occlusion  0.323  0.001* 0.001*  0.001*

Treated vs untreated Class I 0.103  0.001*  0.073 0.001%*
controls

Normal occlusion vs
untreated Class II controls

0.180  0.595 0.055 0.328

Co, Condylion; Go, gonion; MCF, middle cranial fossa; PTM,
pterygomaxillary fissure.
*Statistically significant.

in the relative displacement/remodeling of the middle
cranial fossae landmarks between the treated and nor-
mal-occlusion groups.

The assessment of coordinate-wise landmark dis-
placement/remodeling relative to the other landmarks
included in the Procrustes registration showed the 3D
vectors of growth/response to treatment and quantified
the relative landmark displacement/remodeling in the 3
planes of space (Figs 4 to 7).

Relative to the mandibular and middle cranial fossa
landmarks, the median of pterygomaxillary fissure
landmark displacement/remodeling in the treated group
was 1 mm in a posterior direction (Fig 4). The multi-
variate tests of the mean scaled displacement/remodel-
ing showed P < .0001 when the treated group was
compared with the normal-occlusion and untreated
Class II groups.

Relative gonion landmark displacement/remodeling
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"o o
Infero-superior direction
(mm)

Latero-medial direction
Antero-posterior direction (mm}
. imm)

Displacement/rem

Fig 4. 3D vectors of median values of relative pterygo-
maxillary fissure landmark displacement/ remodeling
for each group. Red asterisks in boxplot indicate signi-
fiant T1-T2 changes in relative posterior direction when
treated group was compared with normal-occlusion
and untreated Class Il groups.
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Fig 5. 3D vectors of median values of relative gonion
landmark displacement/remodeling for each group.
Red asterisks in boxplot indicate significant T1-T2
changes in relative anterior and inferior direction when
treated group was compared with normal-occlusion
and untreated Class Il groups.

in the treated group was highly significant when com-
pared with the normal occlusion (mean scaled displace-
ment/remodeling P value <.0001) and untreated Class
II groups (mean scaled displacement/remodeling with P
value < .0001) in both the anterior direction (median
value, —0.46 mm) and the inferior direction (median
value, —1.72 mm, Fig 5).

The vertical component of the 3D vector of relative
condylion landmark displacement/remodeling (median
value, 1.02 superior direction) was significantly differ-
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Fig 6. 3D vectors of median values of relative condylion
landmark displacement/remodeling for each group.
Red asterisks in boxplot indicate statistical significance
in T1-T2 changes in relative superior direction when
treated group was compared with untreated Class Il

group.
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Fig 7. 3D vectors of median values of relative middle
cranial fossae landmark displacement/remodeling for
each group. Red asterisks in boxplot indicate statistical
significance in relative anterior displacement/remodel-
ing between T1 and T2 when treated group was com-
pared with normal-occlusion group.

ent when the treated group was compared with the
untreated Class II controls (P = .007). The condylion
landmarks showed relative displacement/remodeling in
the opposite directions of the gonion landmarks dis-
placement/remodeling in all groups (Fig 6).

A statistically significant difference in displace-
ment/remodeling of the middle cranial fossae landmark
displacement/remodeling in the treated group com-
pared with the normal-occlusion group was observed in
both the permutation tests (P < .001) and the general
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linear multivariate model (P < .0001) for the anterior
component of the displacement/remodeling vector),
despite the small median value difference (—.038 mm)
(Fig 7).

DISCUSSION

The displacement/remodeling at 3D skeletal land-
marks during growth and response to treatment was
assessed by using generalizable methods for identifica-
tion of structural changes at specific locations that
reflect the assembly of structural components in facial
morphogenesis. Quantifying landmark displacement/
remodeling is difficult not only because of registration
and homology issues® but also because the choice of
landmark locations spans different structural compo-
nents of the face,>* with diverse timing and patterns of
skeletal growth processes.™

This study was the first to attempt to quantify
relative landmark displacement/remodeling of key
counterpart components of the face in a prospective 3D
investigation. Mandibular rami growth occurs relative
to its counterparts, the middle cranial fossae and the
posterior nasomaxilla, which are established earlier in
craniofacial morphogenesis.'” McIntyre and Mossey>*
evaluated the clinical relevance of current geometric
morphometric tools compared with conventional
cephalometrics. In our study, Procrustes analysis was
applied for T1 to T2 comparisons of landmark displace-
ment/remodeling relative to the other landmarks in-
cluded in the 3D models. The Procrustes technique
scale was put back into the analysis to report the actual
size alterations of the rami. Rohlf*>*® has shown that
the Procrustes method is the most powerful approach to
measuring mean shape differences in configurations of
landmarks, while controlling for differences in the
configurations that could be due to the effects of
rotation, translation, and scale. Linear distance-based
methods strongly constrain the possible results ob-
tained and can give misleading results when used in
studies of growth and evolutionary trajectories.*®*’
Although finite element analysis®®**' can in theory be
applied for modeling physical deformation during
growth of anatomical structures, it requires subdividing
the landmarks located on an object into groups to form
the finite elements. A general homology function that
arbitrarily maps the locations of mathematically homol-
ogous points internal to each finite element in the initial
form** does not appear to be useful for studying key
components in the biologic processes of craniofacial
morphogenesis.'” However, the vectors of the T1 to T2
Procrustes distances appear effective in recognizing the
3D growth directions of skeletal landmark displace-
ment/remodeling relative to their developmental coun-
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terparts. Such a method that takes into account the
relative displacement/remodeling of structural compo-
nents appears to be the most effective in recognizing
alterations in the configuration of the facial skeletal
structures, characterized by remodeling processes in
many directions that shape and enlarge the bones to
match the distribution, functioning, and enlargement of
all facial soft tissues and organs.'**> Some important
points should be made about our methods, however.
First, the spatial resolution might affect the accuracy of
the findings of the imaging technique.'®***> We there-
fore controlled the acquisition protocol for all images to
be taken with a high spatial resolution of 1 x 1 x 1 mm
isotropic voxels.**

A second point is that the number of landmarks
assessed in this study limits our information about the
facial structures’ relative locations.”® The criteria for
landmark choice included landmarks at maximal sur-
face curvature of skeletal growth sites, not affected by
dental movement, and distributed among the mandibu-
lar rami and their anatomical counterparts. Although
this approach might ultimately be superseded by others,
such as analysis of the whole curves*®*” of the con-
dyles and rami contour relative to the curves of the
maxillary, sphenoid, and temporal bone boundaries, it
was the safest approach under conditions in which
many growth directions often require the simplification
of parameters to about 20 to 30 to obtain a more
compact and easy-to-understand representation.*” This
is an active area of research that can ultimately help this
project.

Our methods describe relative, not absolute, land-
mark displacement/remodeling.**** This study as-
sessed compensatory changes in skeletal counterpart
components of the face during treatment of Class II
malocclusion, evaluating the differential 3D growth
vector directions of 4 bilateral landmarks. The lateral
growth of the face, as described by the 3D growth
vectors, did not show statistically significant differ-
ences when we compared the treated, untreated control
with Class II malocclusion, and normal-occlusion
groups. The highly significant anterior displacement/
remodeling of gonion landmarks in the treated group
compared with the normal-occlusion and untreated
Class II groups occurred in the opposite direction of the
highly significant relative posterior component of the
3D displacement/remodeling vector of the pterygomax-
illary fissure landmarks; this suggests skeletal correc-
tion of the maxillomandibular discrepancy in Class II
malocclusions. The relative anterior displacement/re-
modeling of gonion landmarks also occurred in the
opposite direction of condylion landmarks, describing
the alteration in rami alignment relative to the middle
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cranial fossae and pterygomaxillary fissure landmarks
in the treated group. The highly significant inferior
direction of gonion displacement/remodeling in the
treated group compared with the normal-occlusion and
untreated Class II groups was observed relative to a
significant superior displacement/remodeling of con-
dylion landmarks when the treated group was compared
with the untreated Class II controls. These findings
characterize the vertical growth/response to treatment
of the mandibular ramus relative to the composite
vertical dimension of the posterior part of the nasomax-
illa and middle cranial fossae. The middle cranial
fossae landmark displacement/remodeling in the
treated compared with the normal-occlusion group was
statistically significant but small. Hence, the 18-month
Frinkel appliance therapy at the beginning of the
adolescent growth spurt promoted highly significant
statistical differences in the 3D mandibular rami growth
relative to its counterparts; this corroborates our find-
ings with a 2-dimensional counterpart analysis.”®> The
relatively small magnitude of the 3D growth vectors
might explain why they are often missed with conven-
tional cephalometrics.*®

CONCLUSIONS

The growth vectors of landmark displacement/
remodeling are only 1 of several measures of 3D
skeletal alterations that clinicians can use. The assess-
ment of patterns of mandibular growth remodeling,
with analyses of skeletal and dental compensations, can
clarify whether it makes a difference to treat the maxilla
or the mandible. Determining such patterns, in combi-
nation with 3D vectors of growth displacement/remod-
eling, provides a new, exciting means of quantitative
image analysis that can be helpful in diagnosing and
evaluating various maxillomandibular discrepancies.

Three-dimensional vectors of gonion and pterygo-
maxillary fissure displacement/remodeling relative to
condylion and middle cranial fossae bilateral skeletal
landmarks quantified skeletal changes in the facial
morphogenesis. These skeletal changes were relatively
more forward and vertically increased rami in the
treated compared with the control group. This method-
ology is generalizable and can be applied to other
imaging modalities.

We thank Dr Fred L. Bookstein for his invaluable
assistance in the multivariate aspects of this work and
Dr Kurt Faltin, Jr, for his contribution and discussions
in the clinical assessment of the Frinkel appliance.
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