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ABSTRACT OF THE THESIS

Landmark-Free Three-dimensional Quantification of Morphological Variation and Shape

Change in the Mouse Mandible: Methodological Development and Application

by

Charles G. Carlson

Master of Science in Oral Biology

University of California, Los Angeles, 2014

Professor Won Moon, Co-chair

Professor Sotirios Tetradis, Co-chair

Objectives: Current methodologies in the field of morphometrics still employ the use of 2-
dimensional images followed by a landmark-based Procrustes superimposition method to
evaluate differences in shape, which can be tedious, subject to operator error, and fail to
capture the true nature of shape variation between samples. The primary objective of this
study is to address these limitations through the exploration and application of current
methodologies used in neuroimaging and brain mapping to the field of morphometrics. By
collaborating with Paul Thompson and his team at the Laboratory of Neuroimaging (LONI),

we aim to:

1. Generate a 3D surface image of the mouse mandible and create an average surface for
a cross sectional sample of parental strains in the Hybrid Mouse Diversity Panel

(HMDP), as well as a developing longitudinal sample within a single strain.



2. Apply and modify the latest technologies used in brain mapping research to identify
regional shape differences between the mandibles of these samples in 3 dimensions
without the use of landmark identification, with the ultimate goal of identifying
heritable quantitative traits.

3. Develop a useful, intuitive and visual method for evaluation of shape differences.
Methods: A total of fifty-three mice were studied. Ten mice, equally divided across five
parental inbred strains, were obtained from the HMDP, as well as an additional 43 animals at
various ages from the C57BL/6 strain. Skulls were subsequently scanned using pCT, then
DICOM files transferred into a Beta version of Dolphin Imaging ® 11.7 Software. Hemi-
mandibles were segmented from the entire skull and surface meshes were created using the
same software. Topological correction of each hemi-mandible was performed before
parametric registration and resampling of the surfaces to the same number of mesh points.
Once registered to each other, a population average was then created and used as a reference
template for shape comparison. Shapes were compared using the independently validated
neuroimaging techniques of medial axis and tensor-based morphometrics.

Results: Population averages were created for the mandibles and four specific areas of
significant shape change were identified in both the interstrain and intrastrain samples.

Visual heat maps were also created to display shape differences.

Conclusions: Tensor-based morphometric evaluation of mandibular shape has far superior
visualization and localization potential when compared to the current method using
landmark-based analysis, while offering a more reliable solution as it eliminates the need for

consistent landmark placement. Coupled with medial thickness computation, followed by



additional refinement, this methodology could potentially be applied to a variety of

applications concerned with evaluating shape difference in three dimensions.
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Introduction:

The desire to compare the anatomical features of organisms has been central to biology
for centuries. As such, shape analysis has been a fundamental part of a considerable amount of
biological research.' The turn of last century ushered in a transition of biology from a largely
descriptive field of study to a more quantitative science, and morphological studies were no
exception. Studies began to include quantitative data for one or more quantifiable traits that
were often summarized as mean values for comparison between groups.” Around the same time
there were advances in statistical methods, including development of the Pearson correlation
coefficient, principal component analysis and analysis of variance. By mid-century, the marriage
of the two, quantitative description of morphologic shape and new statistical methods for
evaluation and comparison, led to a more sophisticated analysis of these types of data; the field

: 1
of modern morphometrics was born.

A. Traditional Morphometrics

The term morphometric comes from the Greek words “popen”, meaning “shape”, and
“LeTp®” meaning "measurement”.’ In traditional morphometrics, the approach to comparison of
different shapes usually involves the use of linear distance measurements, and occasionally ratios
and angular measurements are included. (Figure 1). These measurements are then analyzed
using multivariate statistics, the basis of which is formed on the mathematical discoveries of
Pearson, Fisher, and others. Analyses typically used in traditional morphometrics include factor

analysis, Principal Component Analysis (PCA), Canonical Variates Analysis (CVA),

discriminant function analysis, and multivariate analysis of variance. The former two



constituting “exploratory analyses” to identify and summarize patterns of variation within the

data and the latter four to validate those patterns.'”

Figure 1: (From Loy et al, 2008) Traditional linear measurements as recorded from a brown bear skull.

The computation of multiple interlandmark distances in traditional morphometric
analysis is also completed without accounting for the geometric configuration of the landmarks.*
Because of this, linear measurements can often fail to detect differences in shape (Figure 2).
Linear measurements also generally have a high correlation to size, and as a result there is
considerable effort to develop methods for size correction, in order to identify and evaluate size-

free variations in shape.’
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Figure 2: (From Loy et al, 2008) Shape differences not detectable with linear measurements. As illustrated by
Marco Corti.

This proved to be difficult as there was no consensus on which method to use, and many
of the approaches offered different interpretations of the same data. These difficulties led
researchers to pursue and discover alternative ways of quantitatively analyzing morphological
shapes.! The new morphometric toolbox combined multivariate statistics, with non-Euclidian
geometry and computer aided imagery leading to what Rohlf and Marcus claimed to be the

“morphometric revolution” in the early 1990s.>*



B. Geometric Morphometrics

One of the inherent problems with traditional morphometrics is that the geometry of the
original shape tended to get lost in the analysis; a problem geometric morphometricians sought to
resolve. In fact, visualization of shape change, as well as the differences between two or more
shapes, is fundamentally inherent to geometric morphometrics. This is actually one of the
primary advantages of geometric morphometrics over the traditional methods; that such
differences can be visualized either directly as illustrations or computer-generated images, such
as deformation grids, sliding semilandmarks, warped thin-plate spline images, color maps, etc."’

(Figure 3, Figure 4, Figure 5)

Figure 3: (From Adams et al, 2004) Shape difference visualization via deformation grids

In the early 1990s when geometric morphometrics was recognized as a discipline, it was

this ease of visualization that was used as a significant argument for geometric morphometrics to



replace the more traditional morphometrics that employed multivariate analyses of selected
distance measurements.® Subsequently, the success of morphometrics is largely contributed to
the numerous methods of visualization that are able to describe even complex morphological
changes far more effectively than the tables of coefficients used in the more traditional
morphometric analyses. Most importantly, these methods provide information on morphological
differences in their immediate anatomical context, rather than having to be interpreted using the
aforementioned tabulated values. Being able to visually recognize and interpret these differences
and shape changes remains an important tool for understanding morphological variation.’
Consequently, geometric morphometrics is being used more and more often to explore answers

to an ever growing array of questions in evolutionary biology.®

Figure 4: (From Adams et al, 2004) Sliding semilandmarks quantifying the surface of a skull.



Figure 5: (From Klingenberg, 2013) Warped surfaces according to extremes along principal component axes using
thin-plate spline analysis of canine skulls.

C. Mouse Mandible

The mandible has been the focus of numerous anatomical, embryological and
developmental analyses by a variety of authors.” Consequently, there is a large body of evidence
describing its development, morphology and genetics. The mouse mandible itself is comprised
of several parts with varying embryological origins and timing of differentiation.'” Klingenberg

et al in 2003 postulated that the mandible also consists of two primary functional units. The first



being the alveolar region, which is located anteriorly and houses the teeth, with the second
including the ascending ramus, which articulates with the base of the skull and acts as a point of
muscle attachment. Each of these anatomical units, in turn, is made up of several units that are
distinctly identifiable and arise from separate cell populations that differentiate at different

. 9,10
times™

These include the ramus, the coronoid process, the condyle, the angular process, and
two alveolar segments housing the molars and the incisor (Figure 6). These features, along with
an extensive foundation of literature, make the mouse mandible uniquely suited as an ideal

model system for evaluation of complex morphological traits in conjunction with genomic

studies.

Coronoid process
Molar alvolar

Condylar
process

Incisor alveolar

Angular process

Figure 6: (From Atchley and Hall, 1991) Mouse mandible showing four morphogenetic components (ramus and
three processes).

D. Previous Studies

As previously discussed, there has been a steady progression in the field of

morphometrics with respect to the sophistication of measurement and analysis. Most of the



advances were made in the last 20 years, and the result has been a multitude of research in the
area of geometric morphometrics. Many of these studies have involved evaluation of shape
change using landmarks in 2-dimensional space.'® "’

Klingenberg and colleagues set out to examine the degree of modularity of growth within
the mouse mandible. In order to evaluate this they used two-dimensional images of the hemi-
mandibles, obtained using a flatbed scanner, and chose 15 landmarks for digitization and
subsequent analysis using the Procrustes superimposition method. (Figure 7) They were able to
determine that the anterior and posterior portions of the mandible are distinct developmental
modules. They also suspected that there may be an additional smaller set of modules in the same
areas described in Figure 6, however, they acknowledged that their landmark-based methodology

limited the analysis of these areas due to the inadequate number of landmarks contained within

. 10
these regions.

Condylar ~ Coronoid process
process

Molar alveolus

w0
715

Incisor

Angular 11 alveolus
process ¥ Ramus

[ ]

[ |
Ascending ramus & Alveolar region

Figure 7: (From Klingenberg et al, 2003) Mouse mandible showing the fifteen landmarks used for Procrustes
analysis.



Similarly, Boell and Tautz in 2011 explored the micro-evolutionary divergence patterns
of Mus musculus populations using a similar method as Klingenberg. Rather than using a flatbed
scanner to obtain mandibular images, Boell and Tautz employed a pCT to capture the three
dimensional shape of the mandible and then converted the volumes into a two-dimensional

radiograph for landmark placement, utilizing 14 rather than 15."* (Figure 8)

Figure 8: (From Boell et al, 2011) Mouse mandible showing the fifteen landmarks used for Procrustes analysis.

Only in the last five years have we seen some analyses begin to emerge that aim to
evaluate shape in three dimensions. Still many other studies continue to use the same, or similar,
methodology of capturing a two-dimensional image of the mandible and subsequently placing

landmarks.'>"

Willmore et al in 2009 utilized 2D and 3D methods to compare mouse and
baboon mandible phenotypic and genetic integration, finding that the patterns of each is similar
between the two.'® (Figure 9) More recently, Ragheb et al described a method of evaluating

shape in three dimensions in order to address what they believed to be some of the shortcoming

of current geometric morphometric research.'” One of the major drawbacks to this approach,



which should be apparent in Figure 10, is the severe burden of landmark placement on the

evaluator.

Figure 9: (From Willmore et al, 2009) Baboon and mouse mandible landmark analysis in 3D and 2D, respectively.
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Figure 10: (From Ragheb et al, 2013) Mouse skull showing 50 three-dimensional landmarks used for analysis.

E. Aims of Study

Analysis in two-dimensions and the need for landmark placement are the major
drawbacks with the current literature on mandibular shape analysis. This particular study is one
component of a much larger ongoing project aimed at characterizing the genetic determinants of
mandibular shape using inbred mice in the Hybrid Mouse Diversity Panel (HMDP) from the
UCLA School of Medicine. The HMDP is comprised of 29 classical inbred and 71 recombinant
inbred mouse strains.'"® The overall project involves three individual but interdependent
components: finalizing analysis of mandibular shape in the complete Hybrid Mouse Diversity
Panel; generating a gene expression profile of highly heritable and variable areas within the

panel; and identification of candidate genes and gene networks for mandibular shape traits. The

11



immediate goal of the present study relates only to the first component — establishing a novel,
landmark-free approach for analysis, comparison, and quantification of morphologic variation
and shape changes in the mouse mandible. Once completed, the methods developed in this
project should facilitate future endeavors directed at finding areas of maximum shape variance in
order to identify candidate genes and gene networks that contribute to mandibular skeletal
phenotypes within the HMDP strains. Overall, this portion of the project seeks to explore a way
to improve current geometric morphometric techniques used in analysis of mandibular

morphology in the mouse by aiming to:

1. Apply a variation on the methodology outlined by Dr. McComb'’ to generate a 3D surface

model of the mouse mandible and create an average surface for:
a) Adult classical inbred strains from the HMDP
b) Developing mouse at various ages within a single strain

2. Apply and modify the latest technologies used in brain mapping research to identify regional
shape differences in 3 dimensions between mandibles free from landmark identification,

resulting in identification of heritable quantitative traits.
3. Develop a useful, intuitive and visual method for evaluation of shape differences.

The most immediate application of this methodology will be the ability to visualize specific areas
of interest in the mouse mandible much more expediently for further genomic studies; as in the
scope of the much larger genome wide analysis study (GWAS) this project is a part of. Should

these imaging techniques identify heritable quantitative traits under genetic control, the

12



possibilities will be endless reaching into numerous fields including orthodontics, evolutionary

biology, anthroprometrics, forensics, etc.

Materials and Methods:

In order to accomplish the aims as set forth above, we acquired images using high-
resolution 3D pCT, segmented mandibles from the imaged volume and generated mandibular
surfaces, and then used landmark-free analytical approaches for geometric morphometric surface
mapping of mandibles. Lastly, we used statistical shape analysis to identify interstrain
differences within our sample. The general ideas of the methodology within this section are
based on and have been adapted from the work of Dr. Ryan McComb."’ The methodology for
this project can be divided into multiple segments, which are summarized below and described in
further detail in this section (Figure 11):

A. Collection of intact mouse skulls followed by high resolution pCT scanning
B. Segmentation of sample skull pCT images and surface creation
C. Surface topology correction and surface registration
D. Average creation

E. Shape comparison

13



Obtain mice from Topology
Lusis Laboratory Correction

pnCT scan using Surface
Skyscan Registration

segmentation
and volume
sculpting

Average
Creation

Initial Suriace Average
Extraction Comparison

Figure 11: Diagram illustrating the workflow involved in progressing from a single skull to 3D averages and
distance maps.

A. Sample Collection

As part of this pilot study, two intact skulls from 4 month-old adult males from each of
five parental strains in the HMDP were obtained from the laboratory of Jake Lusis at the UCLA
School of Medicine. The strains included C57BL/6, A/J, DBA/2J, BALBCJ, and CH3. (Figure
12) Additionally, because the ultimate goal of the larger study is to identify genes affecting
mandibular shape, we felt it was pertinent to determine if we could isolate shape differences in a
growing population of a single inbred strain. Accordingly, forty three skulls from a growing
longitudinal sample of the strain C57BL/6 were obtained; three at 14 days old, and five at each
of the following ages: 21 days, 30 days, 45 days, 60 days, 90 days, 120 days, 180 days and 280
days. (Figure 13) Each of these 53 skulls were then scanned using the SkyScanl172 high-

resolution pCT scanner at 55kVP and 167pA resulting in images with 27um isotropic voxel

14



resolution. Axial image slices were reconstructed, converted into DICOM format for export into

craniofacial analysis software.

Classic Inbred Parental Strains

W§s  (5TBL/6

Was M

DBA/2)

BALB()

C3H

Figure 12: Five classic inbred parental strains from the Hybrid Mouse Diversity Panel
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Figure 13: Samples of each age group in the forty-three mouse longitudinal sample of C57BL/6

B. Volume Segmentation/Surface Creation

Images from the Skyscan pCT scanner were then exported in DICOM format into a beta
version of Dolphin Imaging® orthodontic analysis software, version 11.7, that was capable of
handling the high resolution of the uCT scans. Hemi-mandibles were then segmented from the

entire skull volume using the volume-clipping tool. (Figure 14)

Samw Jamw @D ofo
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Figure 14: Segmentation of mandible from complete skull using Dolphin Imaging® 11.7.

After the mandibles were segmented, they were opened in the surface extraction module
of Dolphin and adjusted for optimum hard tissue resolution using a sliding scale to minimize
both noise and pseudofenestrations as described by Schunke et al in 2012.%° (Figure 15) Sixty-
three hemi-mandibles in all were included in the study (20 from the five parental strains, 10 right
and 10 left; 43 right hemi-mandibles from the longitudinal sample). Once segmented and the

threshold adjusted, three dimensional surfaces of each mandible were created by generation of

16



nodes on the surface of each image to fabricate a triangular mesh of approximately 150,000
vertices (per hemi-mandible) for subsequent processing. (Figure 16) Because we sought to
evaluate hemispheric differences within our sample as well as increase sample size for increased
significance, the surfaces created for the 10 left hemi-mandibles were mirrored using the high
end 3-D animation software Houdini (Side Effects Software, Toronto), to create and additional

10 right hemi-mandibles as previously described.*"**

This resulted in 20 right hemi-mandibular
surfaces for analysis. For the longitudinal sample consisting only of the C57BL/6 strain, just the

43 right hemi-mandibles were used for analysis.
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Figure 15: Threshold determination and surface creation of hemi-mandible using Dolphin Imaging® 11.7.
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Figure 16: A) Surface mesh of hemi-mandible. B) Magnification of the molar area to illustrate the intricate mesh
framework of 150,000 vertices created using Dolphin Imaging®.
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Once the surfaces were refined and meshes created, they were exported and saved in a binary
text .PLY format (Polygon File Format). This format is used to store 3-dimensional graphical

data of objects described by a series of nominally flat polygons.

C. Topological Correction of Surfaces (in collaboration with B. Gutman, LONI)

Modification of surface topology is needed when the generation of certain artifacts such
as unnecessary handles results from surface creation.” In order to compare mandibular surfaces
with varying topology, careful coordination of the samples must be established, but this cannot
be done without topological correction. This was not without similar challenges as described by
McComb in 2012. Additionally, noise is a very important consideration when evaluating CT
images. In general, the lower the signal-to noise ratio the lower the CT image quality.”* Yet
despite the high resolution of the puCT, there was still significant noise surrounding parts of the
samples. Excess noise results in the creation of surfaces with highly variable topology, which
must be altered before correspondence can take place. Following the methods as described by
Han et al in 2003, we were able to correct the topology of the mandibular meshes to eliminate
both handles and boundaries.”*® As the resulting mandible models had spherical topology, the
natural parameter space to perform a correspondence search for all subjects’ meshes was the 2-
sphere. To do this, the mandibular shapes were first mapped to a sphere following LONI’s
application of unconstrained spherical parameterization as set forth by Friedel et al in 2003, one

of the top state-of the-art spherical mapping tools currently available.”’” (Figure 17)

20



<
Z <SS
DA TSNS
DS ST
L DL TLIHSRS

P AV e SAVAS YA

7

VVW)V(}V}§4 X 7 1258 PSRN
l‘é(%)eﬁﬁ;é'é"{ymn X £ ')/(),,"v‘ )\ “‘\\ “,-‘.
DA ISR <7 VA
PSOSO05,75 X ISRV 1y
Y N A KN Wiy
XXX DK “\‘l\l\'ﬂ‘r Y
4 PANTAN Sﬂ'{ﬂix‘[ i

A ’\"\\"uﬂu‘ ]

SN 4

Figure 17: (From McComb 2012) Spherical representation of a surface mesh in original and warped form.

D. Shape Registration and average creation (in collaboration with B. Gutman, LONI)

Borrowing methods from the fields of neuroimaging and brain mapping,”™ > we were

able to compare the various mandibular samples through parametric registration and resampling
of the surfaces to the same number of mesh points, with exact point-to-point correspondences
across all subjects. However, due to the fine resolution of the uCT scans, surface meshes
generated in Dolphin produced more vertices than necessary (150,000) to represent the anatomy
of the hemi-mandibles. In preliminary tests, we found that reducing the number the nodes on the
mandibular surfaces to a more manageable working resolution of 7500 vertices was more than
adequate to accurately capture the details of mandibular shape.

A representative model was chosen as the initial target for registration. Point-to-point
correspondence was achieved between meshes of this reference shape and all samples by flowing

the vertices of each hemi-mandible on a spherical domain in order to minimize geometric
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distortion and differences in the mean and Gaussian curvatures of the shapes at each point.
(Figure 18) Because these elements are principal shape characteristics, final shape
correspondence was reliable and anatomically accurate. To ensure smooth invertible spherical
warps, we used the viscous fluid framework adapted to the sphere. The fluid approach has been
shown to be useful in image correspondence,” with multiple studies implementing it over the
years.”*>> A more recent variation of this method by Shi et al,’® registers shapes to a flat two-
dimensional domain. While decent registration results for brain shapes similar to mouse
mandibles were achieved in this study, it required manual definition of boundaries on each shape
so they would correspond to boundaries of the rectangular parameter domain. To permit a more
fully automated registration of shapes for this project, we used the fluid framework model
directly on the sphere, as described by Gutman et al.’” Using this methodology, no landmark
identification is required moving us closer to a more automated solution.

After parametric registration of the shapes, the population average surface was computed

for the hemi-mandibles of all five strains. (Figure 19)
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Figure 19: Average mandibular surface created from five strain population
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E. Shape Comparison

Initially, we explored several methods for shape comparison including medial axis,”®

39-41

curvature-based evaluation centered on principal curvatures™ , and tensor-based morphometry.

a. Medial Axis

With the first approach, we used mathematical algorithms to compute the 1D medial axis
of the mandible, and compute the thickness of the bone as distance from each mesh point to the
axis. (Figure 20) Statistical analysis is then performed at each homologous point. (Figure 21)
Because each point was assigned a significance value, we were able to place all p-values directly
onto the shape, creating a visually beneficial color map, or “p-map”. (Figure 22) Creation of “p-
maps” permits us to facilitate interpretation by allowing a clearer visualization of shape

difference.

Aditionally, in an effort to validate the method, we took a single strain (C57BL6) and
compared the right and left mandibles to each other using the medial axis. We also randomly

chose strains C57BL6 and AJ and compared them to each other.
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Global Orientation Function (GOF)
G(@)= arg min+¢ {Jle(2)- pf .£¢[0,1]}

Medial “thickness”
D)= lle(G@))- Pl

Figure 20: Construction of medial axis.

Figure 21: Alignment of samples along medial axis for shape difference evaluation.
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Figure 22: Example of a “p-map” displaying statistically significant areas of shape difference.

b. Principal Curvature-based Measurements

Next we explored a curvature-based measurement technique, commonly utilized at the
Laboratory of Neuroimaging that measures and compares the intrisic curvature of two surfaces.
By comparing the principal curvatures (K1 and K2), or the maximum and minimum of the
normal curvature, at each point, we are able to measure how “sharp” an edge or cavity is, or how
“sphere-like” a local patch is. It’s good for complicated structures with large variation from one
to another and a similar general curvature skeleton. It does not, however, produce a very stable
measure. We applied this methodology it in the mandible (Figure 23), but it was too noisy and
unstable, requiring smoothing. Unfortunately, smoothing in this application results in partial

volume effects. As a result, the outcome was not as intuitive and deemed unsatisfactory.
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Figure 23: Curvature based evaluation using principal curvatures kl & k2, showing both the original and smoothed
maps.

c. Tensor-Based Morphometric Analysis

Dr. Paul Thompson's team at the Laboratory of Neuroimaging (LONI) has successfully
adapted morphometric techniques and shape analysis tools to evaluate other areas of the human
body, and has published work outside of their current discipline of brain imaging. For example,
they have written tensor-based morphometric (TBM) tools to evaluate the three-dimensional
shape of femoral cartilage in osteoarthritis patients,*” the genetic component of shape variation
within the human face,* and a series of articles demonstrating techniques for facial recognition

e . . . 44.4
utilizing three-dimensional surface meshes.***’

Having already achieved high-quality point-to-point surface correspondence, we then

calculated measures of the various shapes to be compared directly across surfaces at every
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homologous point. Using these points and following Wang et al 2011, we applied the surface
Tensor-based Morphometry (TBM) to each of the mandibular shapes. TBM is a geometric

morphometric methodology that analyzes the Jacobian tensor of the deformation between a pair

46,47 30,36,48

of images or surfaces. This method allows us to examine several complimentary
measures, which considers overall dilation, directional stretching or the full Jacobian tensor at

every corresponding point.

Our final reference shape was the population average surface (Figure 19). In order to
make the final correspondence unbiased, we used the average shape template computed from the
individual target-based registration to recalculate the correspondence for all shapes. This ensured
that the final correspondence and the resultant TBM measures were more robust. As mentioned
previously, to compare mandibular shape across hemispheres, we reflected all left hemi-

mandibles and mapped shapes into one coordinate system.

To evaluate the Jacobian determinant across strains at homologous points, we used a
standard mass-univariate test. More specifically, in order to assess the Jacobian variation for
both hemisphere and strain, we employed a 2-way ANOVA. This resulted in an F-score and p-
value for each point in three categories: (1) hemispheric difference, i.e. significant asymmetry in
all strains, (2) strain difference, i.e. significant variation in both hemispheres according to strain,
and (3) strain-hemisphere interaction, or any difference in asymmetry based on strain. The
ultimate goal of performing this mass-univariate analysis is for the visualization of regions that

significantly vary between strains. “P-maps” were also created as described above.
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Consistent with proven statistical comparisons for shape analysis,”> we also decided to
apply Principal Components Analysis (PCA) to our shape measures in order to identify principal
components (PC’s) that best illustrate interstrain variation. Traditionally, PCA is used with
Procrustes coordinates formatted in two or three-dimensional space, based on sample and
landmark choice, thus the feature space is designated as such. However, the feature space we
used for our analysis includes the tensor-based morphometric measures at each mesh point.
Despite being much bigger than the traditional method, the feature space we employ is composed
entirely of intrinsic components of the particular shape, and not created by the indiscriminate
nature of Euclidean coordinates based solely on association between neighboring landmarks.’
We also performed 2-way ANOVA on each component, similar to the previous step. To
visualize PC’s in this feature space, we created heat maps indicative of relative strength and
direction of variation at each mandibular location for each PC. Thus, areas marked with cool
colors contract as one moves along the principal direction, while those marked with warm colors
expand. The ANOVA aims to localize quantitative traits for heritability analysis, while the heat

map creates of intuitive, visual reference figures. (Figure 24)

The same protocol was performed on the longitudinal sample of 43 mice at successive

ages within the C57BL/6 strain and color maps were generated.
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Figure 24: Principal component analysis heat map example

d. Landmark-based Procrustes Superimposition

We also wanted to explore how our results with TBM would compete with those
calculated using the widely accepted landmark-based Procrustes superimposition method.'®* >
To accomplish this, we placed 22 landmarks in three-dimensions on each of the parental strain
segmented mandibles (using the same Dolphin Imaging® software as above) and performed
Procrustes alignment using the MorphoJ software as described by Klingenberg™ (Figure 25)
Following Procrustes superimposition, principal component analysis was performed on the three-

dimensional coordinate system of landmarks and the heritability of the PC’s was analyzed.
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Figure 25: 2D rendition of 3D Procrustes landmarks for superimposition.
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Collaboration with B. Gutman at LONI resulted in the development of a similar, albeit

simpler, “pipeline’ as contained in the protocol set forth by McComb.'? (Figure 26)
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Figure 26: Snapshot of LONI pipeline used to analyze mandibular shapes.

Results:

Curvature-based analysis yielded results that were too noisy and too difficult to localize.
(Figure 23) Consequently, there was little in the way of useful and interpretable data and was

thus discarded from the study. The medial axis methodology, however, did prove useful in
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identifying areas of shape variation. As we can see from the color map (Figure 27), there are a

number of areas of statistically significant shape difference between strains.

Figure 27: Areas of statistically significant interstrain shape variation developed using the Medial Axis
methodology.

For further confirmation, the medial axis technique was applied to animals within the

same strain, as well as two randomly chosen strains. As we expected, there was no statistically
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significant difference between the shapes of the intrastrain mandibles as indicated by the color
map. (Figure 28) For the two random interstain samples we obtained similar, though

understandably different, results than for the full interstrain sample. (Figure 28)

Intrastrain

p>=0.01 p =0.005

Figure 28: Medial axis interstrain and intrastrain variability validation.

Results of tensor-based morphometrics coupled with ANOVA were similar to those
found using the medial axis, though more specific. (Figure 29) Additional findings showed
extremely low intrastrain variability compared to the interstrain variability of shape differences
when using TBM. Due to the enormous number of mesh points used in TBM, we applied a False
Discovery Rate (FDR) correction as described by Langers et al to the mass-univariate F-test,

which passed with q = 0.0377. >* The largest F statistic of a PCA-based F-test was 69.8 with a p-
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value of 2.89x107. This is critical because it allows us to conclude that phenotypic traits are

discernable across the five strains using this method.

Figure 29: Areas of statistically significant interstrain shape variation developed using ANOVA and Tensor-based
Morphometric techniques.
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Through the application of PCA-based ANOVA coupled with tensor based morphometric
analysis, we were able to identify four significant components of interest with respect to shape
variation within our interstrain sample. (Figure 30) Significance values for the first four
principal components are also given here. These color maps are representative of the principal
components and characterize the directions of maximum variability within the high-dimensional
feature space. Alternatively, shrinkage displayed by areas in blue is associated with expansion in
the red areas for a given component. Some of these principal components were plotted by strain
to illustrate the high heritability of these traits. (Figure 31) We note that in this figure, for
example, with respect to PC2, C57BL6 and BALBC have the greatest variation for this trait.

Similarly, AJ and DBA show the greatest variation for the trait described by PC3.

\/\A\ﬁ\;\

p =0.0093 ) p=8.04X10" ) p=2.89X10" pP=3.26X10
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Figure 30: Visualization of prinicipal components created using tensor-based morphometry. Numbers nestled
between hemimandibles show the F-test (ANOVA) significance for heritability
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Figure 31: Scatter plot of PC2 vs PC3 for principal component analysis by strain.

None of the components were identified as significant for interaction or hemispheric
differences. We did note that the first principal component did not survive Bonferroni correction.
Heritability test results confirmed that the 4 PCs were significantly indicative. All of the strains
showed at least 95% heritability for a minimum of one trait with he highest heritability reaching
99%. Additionally, the first four PC’s explained 79% of the total variance.

Results using MorphoJ for the landmark-based Procrustes method on the interstrain
sample were similar to, though slightly inferior to those obtained by TBM. The highest
heritability by strain had a range from 89-99% and the first four principal components explained

only 67% of the total variance.
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The aforementioned results refer to shape differences found in four month old male mice,
an age at which mandibular growth is complete and its final shape has been determined.
However, as part of a larger study designed to discover the genetic determinants of mandibular
shape, we thought it pertinent to apply TBM to a sample through various stages of mandibular
growth. TBM and statistical analysis was performed similar to the interstrain sample and the
results were charted on a color map. (Figure 32) For ease of visualization, the scale difference

was adjusted for the stage between 14-21 days where the most significant shape change is seen.
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Figure 32: Color maps for intrastrain (longitudinal) sample showing areas of localized shape change using TBM
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If we look to compare the results from these two methodologies, it is easy to visualize
areas in which they agree significant variation in mandibular shape exists. (Figure 33A,B)
Interestingly, results from the 14-21 day age group, with the most drastic shape change within
the longitudinal sample, displayed similar finding to both the medial axis and TBM results for

interstrain variation. (Figure 33C) Consequently, we were able to identify four distinct areas of

interest, including the condylar process, angular process, inferior border and alveolar ridge.

Figure 33: Comparison of results confirming distinct regions of interest for A) TBM (interstrain), B) Medial Axis

(interstrain), and C) TBM (longitudinal).

Discussion:

This study was directed at exploring innovative and efficient methods for evaluating
shape variation in the mouse mandible while preserving efficacy. As mentioned previously, the
specific aims of this study were to:

1. Generate a 3D surface image of the mouse mandible and create an average surface for a
cross sectional sample of parental strains in the HMDP, as well as a developing
longitudinal sample within a single strain.

4. Apply and modify the latest technologies used in brain mapping research to identify

regional shape differences between the mandibles of these samples in 3 dimensions
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without the use of landmark identification, with the ultimate goal of identifying heritable
quantitative traits.

5. Develop a useful, intuitive and visual method for evaluation of shape differences.

We were able to address Aim 1 and create average mandibular shapes for the populations
using the methodology described by McComb." (Figure 19) Additionally, with reference to Aim
2, we successfully applied independently validated techniques used in the field of neuroscience
to identify areas of significant shape variation in both the interstrain adult and developing
intrastrain mandibular samples. These areas also passed heritability tests suggesting that the
development of these areas is under some degree of genetic control. Lastly, according to Aim 3,

we were able to produce visually pleasing, easy to follow color maps for each sample.

Our results using the interstrain sample suggest that traditional landmark-based analysis
is inferior and less reliable with respect to the ease of visualization and co-localization of shape
variation when compared to TBM. We also show TBM offers slightly greater specificity for
heritability (95-99% vs. 89-99%) and explained more of the variance (79% vs. 67%). A possible
reason for this may be that TBM considers local area dilation while landmark-based procedures
do not. The effect is that TBM is truly a ‘local’ method. In other words, whenever there is a
difference in the dilation factor at a distinct point on the surface and it is determined to be
significant between strains, one can be assured that it is at this location that the two shapes
exhibit the variation. This is unlike the Procrustes method where you can have two points differ
significantly from the mean between strains and not necessarily indicate there is localized effect.
This is because a variation in one landmark can be diluted across all landmarks, a consistent

criticism of the least-squares Procrustes superimposition method. The reason for this lies in the
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fact that the distance from any particular landmark to the mean depends on all other points within
that sample. We believe that the localization potential of TBM will be especially valuable when

it comes to identifying areas for genetic evaluation.

Results from the longitudinal sample were able to isolate areas of distinct change in the
developing mandible. (Figure 32) Additionally, it should be noted that these findings are
temporally consistent with previous studies that also found mandibular shape shows significant
development until approximately 60 days, after which it tapers off considerably.® We also show
that there was no real significant change after such time, suggesting that mandibular shape, at
least in this particular strain, reaches maturity somewhere between 60 and 90 days. Lastly, the
results from this longitudinal sample suggest that mandibular shape does not develop in a
uniform fashion, but rather there exist particular areas of more intense growth than others. This
interpretation supplements the current literature describing the modularity of skeletal growth and

findings that the mandible develops from different mesenchymal condensations.'>"**

Finally, we hope that the results of this exploratory study illustrate the strength of tensor-
based morphometric techniques to capture the multidimensionality of mandibular shape and
allow us to obtain quantitative shape comparisons that can be easily visualized by the observer.
To further illustrate an immediate application of these results, per findings described in Figure
33, our lab was able to dissect a 14-day old mandible and extract quality RNA from these

regions. (Figure 34, Figure 35)
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Figure 34: Significant areas of interstrain (4) and developmental (B) shape variation isolated and dissected for

RNA extraction (C), (D).
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Figure 35: Gel electrophoresis (A) and RIN values (B) from each of the isolated areas.

42



Limitations and Alternatives:

We recognize that our population sample was small, however, the purpose of this study is
more a proof of principle and methodloigcal development. While this methodology offers an
original approach for analyzing the mouse mandible, it is not without its limitations. One of the
most basic limitations lies with one of the initial steps of setting the threshold within Dolphin
Imaging®. Despite the fact we set a protocol in an attempt to standardize the threshold, the
setting was based on a sliding toggle. As mentioned, we aimed to minimize both noise and
pseudofenestrations, however this step may have introduced some degree of error into our data.
It is possible that this step may be improved with numerical assignment to the threshold buttons
in an effort to quantify the threshold setting, or by utilizing alternative software to create the

surfaces from the volumetric datasets.

As for tensor-based morphometry, we acknowledge that TBM will not isolate overall
changes in congruent shape transformation. For example, because TBM is a local technique it
will not register the gross bending of a particular shape without either enlargement or shrinkage.
This limitation, however, can be overcome by coupling TBM with either the medial axis
technique or landmark-free Procrustes analysis. Landmark-free Procrustes was also explored in
this study but not included in order to limit content. The premise is similar to landmark-based
Procrustes superimposition except that the points are developed from the vertices on the shape’s
surface rather than points placed manually.” Medial axis analysis is advantageous to the
Procrustes approach in the sense that each computed axis is a property of that particular shape
and does not rely on comparison to a reference shape or other landmarks. It offers an additional

geometric morphometric technique that lies in between intrinsic shape properties and the ability
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to co-localize shape variation. Moreover, the medial thickness of an object is easy to interpret,
as it is literally how far a point on the surface of an object lies from the computed medial axis.
Either of these methods should possibly be employed to supplement shape analysis and elucidate

and variations in shape that may not be captured by TBM.

Conclusions:

1. Based on previous literature, this study has generated the necessary tools to isolate the
surface of the mouse mandible and generate a population average to utilize in comparing
variations in shape.

2. Through implementation of neuroimaging techniques, primarily TBM and medial axis, both
a cross-sectional interstrain sample and longitudinal intrastrain sample were successfully
compared and distinct areas of significant shape variation were identified. Notably, the
identified regions both coincided with each other and subsequently withstood heritability
tests.

3. Areas of significant shape variation within the mandible of the five parental strains examined
include the condyle, the angle, the inferior border and the alveolar process housing the
molars.

4. “P-maps” offer a visually intuitive model for describing the results found using the methods
contained within this study.

5. Tensor-based morphometric evaluation of mandibular shape has far superior visualization
and localization potential when compared to the current method using landmark-based
analysis, while offering a more reliable solution as it eliminates the need for consistent

landmark placement.
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6. Further research efforts will focus on characterizing the genetic determinants of mandibular
shape using the entire Hybrid Mouse Diversity Panel, as well as developing the protocol to adapt

to other craniofacial structures.
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