Biomechanics and Modeling in Mechanobiology (2020) 19:1187-1202
https://doi.org/10.1007/510237-019-01133-5

ORIGINAL PAPER q

Check for
updates

The morphology of the human mandible: A computational modelling
study

Ravin Vallabh' - Ju Zhang? - Justin Fernandez?* - George Dimitroulis* - David C. Ackland’

Received: 31 July 2018 / Accepted: 16 February 2019 / Published online: 2 March 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Cephalometric methods have been used to evaluate morphometric measurements of the mandible and quantify sex-related
anatomical features; however, most studies to date employ a limited set of location-specific measurements without consider-
ing the entire three-dimensional anatomy of the mandible. The aims of this study were to develop statistical shape models
(SSMs) of partially edentulous male and female mandibles to evaluate inter-subject morphological variability and secondly
to assess the effectiveness of discrete clinical morphometric measurements in prediction of complete three-dimensional
mandible geometry. Computed tomography images of forty partially edentulous female and twenty-five male subjects were
obtained, and SSM developed using mesh fitting, rigid body registration and principal component analysis. Analysis of
female and male SSMs showed that the variation along their first principal components was size-related. Sex-differentiating
pure shape variations were found along the first principal component of size-normalised SSM and were observed to be most
prominent in the symphysis and posterior ramus regions of the mandible. Seven morphometric measurements were found to
characterise female and male shape prediction optimally. The capability to rapidly generate accurate patient-specific shape-
predictive models of the mandible may be useful for implant development and pre-operative planning, particularly in the
absence of bony structures following trauma or tumour resection.
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1 Introduction

The human mandible forms the lower portion of the jaw
complex and is critical in supporting teeth and facilitat-
ing mastication, speech and expression of emotion. Peri-
odontal disease and dental caries are the most common oral
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conditions leading to tooth loss—the prevalence of periodon-
titis in young (3549 years) and older adults (50—64 years)
is 37.2% and 52.7%, respectively (Eke et al. 2015), while
94-97% of all adults aged 35-64 years have been shown to
present with dental caries (Dye et al. 2015). Following tooth
loss, resorption and degradation of the alveolar bone and
supporting structures may occur, as well as reduced bone
ossification resulting in the formation of atrophic edentulous
ridges (McGarry et al. 2002). Alveolar atrophy is a multi-
factorial process primarily influenced by age, sex, ethnicity,
level of dentition, duration of edentulism, and biomechani-
cal factors such as masticatory occlusal forces, which over
time may affect mandibular morphology (Aragao et al. 2014;
Chrcanovic et al. 2011; Huumonen et al. 2010; Nicholson
and Harvati 2006; Parr et al. 2017).

The prevalence of edentulism in females is reportedly
higher than that in males and has been attributed to both
biological and socioeconomic factors (Peltzer et al. 2014;
Russell et al. 2013). Clinical studies suggest that edentu-
lism is associated with oestrogen deficiency, osteoporosis
and periodontal disease (Brennan et al. 2007; Mohammad
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et al. 2003), with geographic location also influencing its
prevalence (Kailembo et al. 2017; Peltzer et al. 2014). Sex
dependency of mandibular morphology may also be a key
factor in dental health, since mandible shape and size are
associated with load transmission between teeth and the
underlying alveolar bone during mastication (Koc et al.
2010; Lin et al. 2014). At present, however, little is known
about population-based variations in mandible morphology,
nor the influence of sex and edentulism.

Anatomical studies have employed cephalometric meth-
ods using image datasets and cadaveric specimens to evalu-
ate morphometric measurements of the mandible and assess
sex-related anatomical differences (Aragao et al. 2014; Guler
et al. 2005; Lima et al. 2016; Watanabe et al. 2010). This
has included assessment of the ramus, gonion and mandibu-
lar foremen, which are anatomically significant regions for
the design of temporomandibular joint replacements (Ack-
land et al. 2017). While there appears to be consensus in
the sex-based morphological differences associated with the
gonial angle, ramus and body heights (Ghosh et al. 2009;
Huumonen et al. 2010; Oettle et al. 2009b), cephalometric
studies may confound shape with size and employ a limited
set of location-specific measurements without considering
the entire three-dimensional (3D) anatomy of the mandible
(Polychronis et al. 2013; Watanabe et al. 2010).

Principal component analysis (PCA) is a multivariate
statistical procedure that can reduce the dimensionality of a
complex three-dimensional shape across a population into a
mean shape together with primary modes of variation, com-
monly referred to as principal components (Jolliffe 2002).
Several studies have employed PCA-based statistical shape
modelling to quantify sex-specific variations in dentate
mandibles (Kim et al. 2012; Metzger et al. 2011; Zachow
et al. 2005), with applications in development of preformed
reconstructive plates (Bousleiman et al. 2013; Metzger et al.
2011; Raith et al. 2017). These methods rely on the correla-
tion of principal component scores with clinically relevant
shape predictors such as surface patches or point clouds of
the bone surface, anthropological data and morphometric
measurements. The capability to rapidly generate accurate
patient-specific shape-predictive models of the mandible
may be useful for implant development and pre-operative
surgical planning, particularly when medical imaging is
corrupted with metallic artefact, or the absence of bony
structures following trauma or tumour resection (Zhang
et al. 2016). Such techniques can also serve an important
role in archaeological and forensic applications, including
identification, reconstruction and finite element modelling
from partial or incomplete datasets (Woods et al. 2017). At
present, however, statistical shape models of the mandible
have been developed only for the dentate state, and the influ-
ence of sex and dentition level on 3D mandibular geometry
remains poorly understood. The aims of the present study
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were therefore twofold: firstly, to develop statistically shape
models of partially edentulous male and female mandibles
to evaluate inter-subject morphological variability; and sec-
ondly, to assess the effectiveness of discrete clinical morpho-
metric measurements in prediction of complete 3D mandible
geometry.

2 Materials and methods
2.1 Participants

Forty female (mean age 50.3 + 7.8 years, range 39-62 years)
and twenty-five male subjects (mean age 49.5+4.9 years,
range 41-60 years) selected for temporomandibular joint
replacement surgery were recruited from a local hospi-
tal. All subjects were categorised as Kennedy Class I-I1I
and presented with 1 to 4 absent teeth excluding the third
molars. Specifically, 44%, 24%, 24% and 8% of males were
missing 1, 2, 3 and 4 teeth, respectively. For the females,
35%, 42.5%, 20% and 3% were missing 1, 2, 3 and 4 teeth,
respectively. Subjects had no evidence of skeletal mandibu-
lar disease and no history of previous oral and maxillofacial
surgery. Ethical approval for this study was obtained through
the Institution’s Human Ethics Advisory Group.

2.2 Medical imaging

Computed tomography (CT) images were obtained of each
subject’s entire mandible using an iCAT FLX machine
(Danaher Corporation, Washington, DC, USA) with a
120 mm X 140 mm field of view, 14.7 s exposure time and
0.25 mm voxel size. Each subject’s mandible was segmented
using both manual and semi-automatic methods using 3D
thresholding and interpolation (Amira FEI 5.3.3, FEI Visu-
alization Sciences Group, Bordeaux, France). The crown and
neck of teeth were excluded from the segmentation process
to eliminate dentition as a modelling variable. The resulting
surfaces were smoothed and decimated into 1 mm triangles
(Geomagic Wrap 2014, 3D Systems, North Carolina, USA).

2.3 Statistical shape model generation

A combined training set of all male and female meshes
(n=65) was used to build one size-normalised SSM to
explore sex-dependent morphological features of the
mandible. In addition, independent training sets of male
(n=25) and female meshes (n =40) were used to develop
one non-size-normalised male SSM and one size-normal-
ised female SSM to evaluate morphological properties in
male and female mandibles, respectively. The present study
adopted triangulated male and female meshes which resulted
in a mean root mean squared (RMS) mesh fitting error of
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0.33 mm+0.09 mm across all three training sets (see Sup-
plementary Material).

The generation of each SSM followed previously estab-
lished methods and was comprised of (1) mesh fitting, (2)
rigid body registration and (3) PCA (Zhang et al. 2014).
First, mesh fitting was performed to facilitate rigid body
registration of groups of mandibles and allow each mesh to
be expressed in a common vector space. This was achieved
by matching the orientation of all meshes in a given training
set to that of one reference mandible mesh of typical size and
shape using radial basis function (RBF) registration. SSM
generation, PCA and data analysis were performed using
MATLAB 2014 (Mathworks, USA). Open Source scripts
written in Python were also employed for SSM generation,
including GIAS2 and Scikit-learn.

Rigid body registration was then performed to align all
registered meshes to the reference mesh using a local ana-
tomical coordinate system, defined with the origin at the
midpoint between the condyles, the x axis in the direction of
the left condyle, the y axis directed posteriorly and the z-axis
perpendicular to the plane formed by the x and y axes. Each
fitted mesh was aligned to the reference mesh by finding
the rigid translations and rotations that minimised the sum
of squared distances between corresponding surface nodes.

For each of the three training sets (i.e. combined male
and female meshes, male meshes and female meshes),
a PCA was undertaken on the corresponding nodes of
each registered mesh (Jolliffe 2002). Point coordinates
of each registered mesh were concatenated into a vector,
X = X0,V 20 X0, Y2y Zs o e 5 X Y Za|» WheTE X, 3,2, are
the 3D coordinates of n nodes. The coordinate vectors

were then assembled into a data matrix of the form
X= [xl,xz,... ,xm]T. PCA was performed on X using
singular value decomposition (SVD), which allowed any
shape variation x in the training set to be approximated as
the mean X plus the weighted sum of the first k principal
components, b

k
x=%+) apb, (1)

i=1

The PCA yielded a SSM for which the principal components
of morphological variation within the training set were eval-
uated and used in subsequent analyses. A mean mandible
geometry was calculated for each of the non-size-normalised
male and female SSMs.

2.4 Morphometric measurements

Twelve anatomical landmarks (Table 1) and twelve mor-
phometric measurements of clinical relevance adapted
from previous studies (Bayome et al. 2013; Briuer 1988;
Chrcanovic et al. 2011) (Table 2) were manually identified
on each male and female surface mesh of all 65 mandibles
(Fig. 1). These landmarks and morphometric measure-
ments were also identified on the mean non-size-normal-
ized male and female SSMs. Morphological measurements
were evaluated on four randomly selected female meshes
at 3-day intervals, and the intraclass correlation coefficient
(ICC) was used to calculate intra-observer reliability and
reproducibility.

Table 1 Descriptions of landmarks used to derive mandibular morphometric measurements (see Table 2), adapted from previous studies (Bay-

ome et al. 2013; Chrcanovic et al. 2011)

Anatomical landmark Description

Border that separates the coronoid process and the oblique line

The most anterior and inferior prominence of the mandible

The most prominent anterior midline point of the mandible alveolar process

The most prominent anterolateral point the thickened ridge of mandibular bone that contains the

The most prominent posterior, inferior point along the rounded corner of the mandible between the

mandibular ramus and the mandibular body

Anterior border AB
Anterior inferior border Bt Int
Anterior infradentale Iny
Anterior lateral alveolar process AP, 1.a
dental alveoli
Inferior lateral gonion GOpyfLar
Lateral condylion Coy 4
Mandibular notch MN
riorly
Medial condylion COped
Pogonion Po
Posterior condylion Copys
Posterior mandibular ramus MRy,

The most prominent lateral point on the mandibular condyle
The deep concavity that separates the coronoid process anteriorly and the condyloid process poste-

The most prominent medial point on the mandibular condyle
The point on the bony symphysis tangent to the facial plane
The most prominent posterior point on the mandibular condyle
The most prominent posterior point on the mandibular ramus

Mandibular landmarks include the anterior border, anterior inferior border, anterior infradentale, anterior lateral alveolar process, inferior lateral
gonion, lateral condylion, mandibular notch, medial condylion, pogonion, posterior condylion and posterior mandibular ramus
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Table 2 Descriptions of mandibular morphometric measurements used in mandibular shape prediction, adapted from previous studies (Bayome

et al. 2013; Briuer 1988; Chrcanovic et al. 2011)

Morphometric Measurement Description

The distance from the anterior lateral alveolar process to the inferior border of the mandible,

perpendicular to the base at the level of the mental foramen

The distance of the anterior margin of the mental region from a centre point on the line between

the posterior border of the two mandibular angles

The maximum width of the mandibular body, measured in the region of the mental foramen

perpendicular to the long axis of the mandibular pole

The perpendicular distance between the superior condylion and the axis of the lowest point

of the mandibular notch perpendicular to plane intersecting the posterior condylion and the

The angle between a line tangent to the lower border of the mandible and a line tangent to the

The angle formed between two lines coincident with the long axis of each condylar pole
The distance between the most lateral prominences on the left and right lateral condyles

Body height By
Body length B,
Body width By
Condyle height Cy
posterior mandibular ramus
Gonial angle Gy
posterior border of the mandibular ramus
Intercondylar angle Ic,
Intercondylar distance Icp
Intergonial distance Igp

Pogonion—interdental distance Poln,

The distance between the most prominent inferolateral points on the left and right gonion
The perpendicular distance between the anterior infradentale and the pogonion

Pogonion—lateral condylar distance PoLaCo, The distance between the pogonion and the lateral condyle

Ramus height Ry
Ramus width R

The distance between the superior condylion and the lateral gonion
w The shortest breadth of the mandibular ramus measured perpendicular to the line tangent to the

posterior border of the mandibular ramus

Morphometric measurements include mandibular body height, body length, body width, condyle height, gonial angle, intercondylar angle, inter-
condylar distance, intergonial distance, pogonion—interdental distance, pogonion—lateral condylar distance, ramus height and ramus width

2.5 Mandible shape prediction

Each of the male mandible meshes was individually pre-
dicted using the SSM derived from the complete training
set of male mandibles less the given mandible mesh. The
predicted mandible geometry was then directly compared
with the known mandible geometry derived from the seg-
mented image dataset. This mandible prediction process was
repeated for all female mandible geometries.

The male and female mandible geometries were predicted
using a univariate least absolute shrinkage and selection
operator (Lasso) regression model that calculated the first
principal component scores of the mandible from its training
set. The mandible meshes were then reconstructed from the
scores using Eq. (1) (Tibshirani 1996). Bayesian informa-
tion criteria (BIC) were used to control the Lasso regres-
sion model’s regularisation to select the optimal (smallest)
number of morphometric measurements to produce the
highest mandibular geometry prediction accuracy. This cri-
terion made a trade-off between the goodness of fit and the
complexity of the model. An ensemble of Lasso regressors,
R = {R, ,}, were used to predict the first k principal com-
ponent scores, &; ,, and thus the mandible shape using

& = R;(m;) )
where m; € m, i.e. m; is a subset of all given measurements
m.
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The number of principal component scores was selected
by training ensembles R,_, to R,_,, and picking the ensem-
ble with the smallest leave-one-out RMS error between the
actual and predicted surface meshes:

1. In the initial (Oth) iteration, R® was found using m° con-
taining all 12 measurements.

2. In the ith iteration, any measurements in m'~! not used
by the regressors in R™™!, or the measurement used by
the least number of regressors in R™~! were dropped out
for m'. If there was a tie for the least used measurement,
the measurement used to regress the scores of the higher
principal components (and therefore less significant
shape variations) was dropped.

3. R was then found using m'. Note that each R has a
potentially different k, k.

4. Steps 2 and 3 were repeated until only 1 measurement
was left.

5. Foreach R', the sumiof the BICs of its ensemble regres-

2
sors Bi(R[,mi) =y BIC(Rj,mj) was recorded. The
=1

ensemble and its éorresponding measurement set with
the lowest B were selected as the final optimal model:
R*,m* = argmin,{B'(R',m') }.

The final predictive shape was constructed by project-
ing the principal component scores of kK models within the
vector space of the SSM. The capability of the SSM to
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Fig. 1 Anatomical landmarks and morphometric measurements used in mandibular shape prediction. For symbol definitions and descriptions of

morphological measurements, see Tables 1 and 2

accurately approximate unseen mandibles was quantified
using closest-neighbour whole surface-to-surface RMS
error (Zhang et al. 2014). The RMS error was calculated
between every point on the predicted mesh and the closest
points on the actual mesh.

2.6 Data analysis
The mean and standard deviation of each morphological

measurement were calculated for both male and female
mandibles. Measurements were taken bilaterally, and if no
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significant differences were observed between left and right
sides, an average measurement from both sides was taken.
Statistically significant differences in means between sexes
were evaluated for each independent variable using Student’s
t-tests. The bilateral differences within a given sex were also
estimated for conditioned variability. The first four signifi-
cant principal component scores associated with the size-
normalised shape model were extracted and classified by sex
to explore sex-related shape differences along each principal
component. Student’s t-tests were used to quantify differ-
ences in shape between the first four significant principal
components of female and male mandibles. Q—Q plots and
Shapiro—Wilk tests were undertaken to determine normality
of data, and a two-sample F test to confirm equal variances.
An adjusted significance level was established using a Bon-
ferroni correction to @ =0.05/12=0.004.

3 Results
3.1 Morphometric measurements

Large variability of the morphometric mandibular meas-
urements was observed between female and male training
sets within each sex. In females, the greatest variability was
found in the condyle height, body width and pogonion—inter-
dental distance, each having a CV of 16%. In contrast, the
greatest variability in males was found in the condyle height
with a CV of 19% followed by the body width which had
15% CV. Statistically significant differences between males
and females were found in body height (mean difference
2.7 mm, p <0.001), ramus height (mean difference 1.5 mm,;
p <0.001), intercondylar distance (mean difference 6.5 mm,;

p=0.004), body length (mean difference 7.3 mm; p <0.001)
and intergonial distance (mean difference 7.5 mm; p <0.001)
(Table 3). The ICC between the repeated measurements
showed good reliability, with a range 0.79 to 0.96.

3.2 Non-size-normalised mandible morphology

PCA on the female and male mandible training sets pro-
duced non-size-normalised SSMs in which 95% of the sam-
ple variation was explained in the first twenty and fifteen
principal components, respectively (Fig. 2). The first four
significant principal components of each SSM captured
61.1% and 74.6% of the variation present in the male and
female training sets, respectively. The variation along the
first principal components of the female and male mandible
SSMs was dominated by size.

In females, the body and ramus widths, pogonion—inter-
dental distance and condylar head shape influenced the
variation along second principal component (Table 4). Two
standard deviations from the mean along the second prin-
cipal component in the female SSM showed the superior
surface of the condylar head becoming more convex (Fig. 3).
The predominant variations exhibited along the third prin-
cipal component were the gonial angle and ramus height,
with the morphological changes observed along this prin-
cipal component being relatively small. The body height
at the third molar region became substantially thinner as
the third principal component scores increased in the posi-
tive direction. The pogonion—lateral condylar distance was
shown to be the prominent variation along the fourth prin-
cipal component. When varied between plus and minus two
standard deviations, a 64% difference in measured value was
observed. As the fourth principal component scores became

Table 3 Summary of

. Female Male

morphometric measurements

taken from mandibular surface Training set Mean SSM Training set Mean SSM

meshes using male and female

training sets as well as from Condyle height 18.8 (3) 19.5 19.9 (3.8) 20.2

each mean non-size-normalised Pogonion-lateral condylar distance 114.3 (4.5) 114.7 120.0 (4.8) 119.9

statistical shape model (SSM) Body height 27.0 (2.5) 267 29.7 (2.8) 29.8%
Body width 11.4(1.8) 10.2 11.9 (1.8) 12.0
Ramus height 61.5(5.0) 61.0 70.4 (6.2) 69.6*
Ramus width 29.2 (2.5) 29.8 31.1 (3.2) 31.7
Gonial angle 126.1 (6.1) 128.2 121.0 (8.1) 121.3
Intercondylar angle 133.8 (16.8) 128.2 134.7 (14.4) 134.7
Pogonion—interdental distance 219 (3.5 222 223 (4.2) 21.4
Intercondylar distance 115.2 (6.6) 114.8 121.7 (7.0) 120.8%*
Body length 72.4(5.1) 72.7 79.7 (5.6) 78.6*
Intergonial distance 86.0 (4.9) 86.2 93.5(5.7) 92.9%

Mean data and standard deviation (in parentheses) are given

*Statistically significant difference in a morphological measurement between males and females. Signifi-
cance level was set at p <0.004. Angles are given in degrees and length measurements in millimetres
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more positive, the condylar head became smaller and more
rounded.

For males, the condylar height was one of three promi-
nent variations observed along the second and third princi-
pal components with percentage changes of 46% and 43%
between plus and minus two standard deviations along these
principal components, respectively. The superior surface
of the condylar head shape flattened as the first, third and
fourth principal component scores became more positive
(Fig. 4). As the second principal component scores increased
from minus two standard deviations to plus two standard
deviations, the body and ramus widths exhibited a 58% and
36% increase, respectively. Variation in gonion eversion

Principal Component

r 100%
F 90%

W Non-cumulative variance

- 0,
= Cumulative variance 80%

F 70%
F 60%
r 50%

r 40%

Cumulative Variation (%)

F30%

F20%

r 10%

r 0%

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Principal Component

was captured along the second, third and fourth principal
components.

3.3 Sex-dependent shape variations

PCA on the combined training set of male and female
meshes produced a size-normalised SSM in which 95%
of the variation was captured in the first sixteen princi-
pal components (see Supplementary Material). The first
four significant principal components captured 70.6% of
the variation present in the combined training set with
the first principal component alone captured 46.6% of
the variation. Subsequent principal components were not
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Table 4 Mandibular morphometric measurements that are most strongly associated with the first four principal components of the non-size-

normalised male and female statistical shape model

Principal com- Female Male
ponent X ;
Morphometric measurement Range Morphometric measurement Range
1 Body width 11.3-9.1 Condyle height 21.1-17.3
Ramus height 65.6-56.7 Body width 10.9-12.6
Intercondylar distance 126.0-103.6 Ramus width 29.5-33.9
Intergonial distance 92.5-81.8 Intercondylar distance 110.5-132.2
2 Condyle height 17.7-20.1 Condyle height 15.6-22.8
Pogonion—lateral condylar distance 108.8-119.8 Pogonion—lateral condylar distance 110.6-133.0
Body height 23.7-28.9 Body height 25.5-33.3
Body width 9.3-11.7 Body width 8.9-14.2
Body length 65.5-80.7 Body length 72.5-85.6
Ramus height 56.1-65.7 Ramus width 27.2-36.9
Ramus width 26.0-32.8 Intercondylar angle 129.5-148.5
Intercondylar angle 119.2-143.8 Pogonion—interdental distance 20.9-25.6
Pogonion—interdental distance 19.6-24.6 Intergonial distance 87.1-98.5
3 Ramus height 64.3-57.1 Condyle height 24.9-14.3
Gonial angle 122.3-137.1 Body height 28.0-31.3
Body width 10.7-13.1
Pogonion—interdental distance 20.9-25.8
Intergonial distance 96.8-86.6
4 Pogonion-lateral condylar distance 69.3-112.8 Condyle height 19.2-16.9
Body height 28.9-23.7 Ramus width 34.5-30.3
Pogonion—interdental distance 24.4-16.0 Intercondylar angle 146.9-130.5
Intergonial distance 98.4-80.3

Shown are the morphometric measurements that changed more than 10% of their initial value when perturbed between — 2.0 standard deviations
and + 2.0 standard deviations along each principal component. Angles are given in degrees and length measurements in millimetres

considered significant due to the small change in the gra-
dient of the cumulative variation curve (Fig. 2).

Statistically significant differences were found in the
first principal component scores of the size-normalised
shape model between males and females (p <0.001),
indicating that this principal component represents a
significant mode of sex-differentiating pure shape vari-
ation (Fig. 5). The sex-specific morphological differ-
ences observed were most prominent in the symphysis
region. Males typically displayed a wider and vertically
higher mental symphysis, rather than a rounded mental
symphysis as observed in females. The mental eminence
(point of chin) was squarer and less projected in males. In
the posterior corpus region, males exhibited a wider and
greater ramus height, gonial angles were closer to 90°,
and eversion was more pronounced while the ascending
ramus was broader. There were no sex-specific signifi-
cant differences along any other principal components
(p>0.004).
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3.4 Shape prediction

Seven morphometric measurements were shown to pro-
duce the smallest BIC and were thus selected as the optimal
female mandible geometry predictors for the stepwise Lasso
regression model (Fig. 6a), and similarly, seven morpho-
metric measurements produced the smallest BIC and were
selected as the optimal male mandible geometry predictors
(Fig. 6b). Six of these morphometric measurements were
common to male and female mandibles: pogonion—lateral
condylar distance, ramus height, intercondylar distance,
ramus width, pogonion—interdental distance and body
length. The additional of condylar height and intergonial
distance was required to predict male and female mandible
shapes, respectively.

The first seven significant principal components derived
from the female non-size-normalised shape model (using the
seven optimal morphometric measurements) were required
to perform accurate female shape predictions and produce
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Fig.3 Illustration of the first four principal components of the female
non-size-normalised SSM. Mandibular shapes are given for —2
standard deviations (transparent blue) and +2 standard deviations
(transparent red) superimposed on the mean mandible shape along

a leave-one-out RMS error of 1.29 mm, which was within
0.03 mm of the female mandible model derived from all
twelve morphometric measurements. The first three princi-
pal components derived from the male non-size-normalised
shape model (using the seven optimal morphometric meas-
urements) were necessary for accurate male shape predic-
tion, producing a leave-one-out RMS error of 1.47 mm,
which was 0.02 mm less than the male mandible model
derived from all twelve morphometric measurements.
Female shape prediction error was greatest on the ramus,
gonion and condylar process, while the body and symphysis
were better predicted (Fig. 7a). The overall male shape pre-
diction error was prevalent on a greater area of the mandible,
whilst isolated regions on the body were better predicted
(Fig. 7b). Consistent with the closest-neighbour surface
error maps, statistically significant differences were found
in the ramus height between the male actual and predicted
meshes (Fig. 8). The smallest mean morphometric measure-
ment differences between the actual and predicted models

the first principal component (a), second principal component (b),
third principal component (¢) and fourth principal component (d).
Anterior isometric views are given on the left, and posterior isometric
views on the right

were observed in the condylar height, body width and ramus
width.

4 Discussion

The purpose of this study was to develop a PCA-based sta-
tistical shape modelling framework to characterise the inter-
subject morphological variability of partially edentulous
human mandibles selected for TMJ replacement surgery.
While SSMs have been previously used to predict anatomical
variability of bony structures (Bah et al. 2015), we assessed
the capability of SSMs to predict complete 3D mandibu-
lar surface geometry using a selection of discrete clinical
morphometric measurements. Analysis of female and male
SSMs showed that the variation along their first principal
components was size-related. Sex-differentiating pure shape
variations were found along the first principal component
of the size-normalised shape model and were observed to
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Fig.4 Illustration of the first four principal components of the male
non-size-normalised SSM. Mandibular shapes are given for —2
standard deviations (transparent blue) and +2 standard deviations
(transparent red) superimposed on the mean mandible shape along

be most prominent in the symphysis and posterior ramus
regions of the mandible. Seven morphometric measurements
were found to characterise female and male shape prediction
optimally, resulting in leave-one-out RMS errors less than
1.47 mm.

Our strategy of building SSMs, which included mesh fit-
ting, rigid body registration and PCA, has been used previ-
ously to characterise morphological geometry and material
properties of teeth in archaeological research (Woods et al.
2017), as well as quantify anatomy of the carpometacarpal
joint (Schneider et al. 2015); however, we adopted a RBF-
based non-rigid registration to morph a reference mesh to
the training set shapes, which avoided manually building a
reference mesh, and resulted in lower RMS errors (0.33 mm,
compared to 0.41 mm in Schneider et al. 2015). The advan-
tages of RBF registration are that no pre-selection of land-
marks is required to constrain the fitting process, and the
RBF algorithm determines the closest corresponding nodes
between the template mesh and the target. In addition, the

@ Springer

the first principal component (a), second principal component (b),
third principal component (¢) and fourth principal component (d).
Anterior isometric views are given on the left, and posterior isometric
views on the right

algorithm iteratively adds RBF nodes to the target mesh
to improve registration error in regions of high error. The
selected reference template mandible meshes had no visible
geometric artefacts such as mesh torsion on the surfaces of
the SSMs, suggesting that artificial variations and geometric
artefacts were not introduced during the SSM creation pro-
cess. RMS errors between 0.5 and 0.7 mm, with no visible
geometric artefacts, have been reported when implemented
on training sets of the femur and pelvis (Zhang et al. 2018).

Measurements of body length, body height, ramus
height, gonial angle and intergonial distance on the mean
female and male non-size-normalised SSMs were simi-
lar to those recorded by Ozturk et al. 2013 and Parr et al.
2017 on partially edentulous cadaveric specimens of age
41-64 years (Table 5) (Ozturk et al. 2013; Parr et al. 2017).
For example, the female body length found in the present
study was 72.9 mm, while Ozturk et al. 2013 and Parr et al.
2017 obtained 72.8 mm and 73.6 mm, respectively. In con-
trast, the pogonion—interdental distance in the present study
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Fig.5 Mandibular shape dif-
ferences demonstrated along
the first principal component
of the size-normalised SSM.
Shown is the mean SSM

from the combined male and
female training set (centre), —2
standard deviations along the
first principal component using
the male dataset (left) and +2
standard deviations along the
first principal component using
the female dataset (left)

Male

-2SD

N

(for example, 21.7 mm in males) was notably different to
that measured by Ozturk et al. 2013 and Parr et al. 2017
(27.3 mm and 32.9 mm, respectively). This discrepancy may
be due to different sample compositions and the alternative
cephalometric methods employed and suggests that larger
sample sizes are required to improve the ability of the mean
SSMs to accurately represent mean bone geometries in a
population (Raith et al. 2016).

Analysis of the female and male non-size-normalised
SSMs of partially edentulous mandibles showed that the
dominant variation along the first principal components
was size-related, indicating the presence of allometry. This
finding is in agreement with that from previous population
studies utilising PCA-based SSM approaches, including
those investigating morphology of the femur, knee and car-
pometacarpal joint bones (Bah et al. 2015; Chan et al. 2013;
Schneider et al. 2015; Smoger et al. 2017). Males displayed
a narrower gonial angle of between 90° and 120°, while
females exhibited a neutral gonial angle between 120° and
130°, which has been demonstrated in previous cephalomet-
ric studies (Bousleiman et al. 2013; Cocos and Halazone-
tis 2017; Franklin et al. 2007). Gonion eversion was also
observed to be distinct in males, as has long been identified
as a dimorphic trait for male sex determination (Chrcanovic
et al. 2011; Oettle et al. 2009a). Also compared to previ-
ous studies, males exhibited ramus flexure at the level of
the occlusal plane of the molars and was observed near the
condylar neck in females (Balci et al. 2005; Hwang et al.
2015; Lin et al. 2014; Loth and Henneberg 1996). Although
considered a male dimorphic trait, ramus flexure was appar-
ent in both sexes along the second principal component

Female

(Kemkes-Grottenthaler et al. 2002). These findings have
possible implications in between-sex forensic identification
of mandible samples.

It has been suggested that morphological variations in
the mandible between and within sexes reflect mastica-
tory muscle function (Koc et al. 2010; Lin et al. 2013). For
example, male and female mandibles with larger mastica-
tory muscle cross-sectional areas have been associated with
a wider and more trapezoidal ramus, a larger coronoid and
a more curved basal arch (Sella-Tunis et al. 2018). Bone
size has implications on the masticatory muscle forces and
therefore bite force, as well as the stresses incurred by the
mandible, since geometric size variations influence the area
of the insertion of the musculature as well as the moment
arms of the masticatory muscles about the TMJ. Specifically,
posterior mandibular shape, the mandibular inclination and
the extent of gonial angulation may influence muscle archi-
tecture between-sex. The findings of the present study show
a more vertical ramus and acute gonial angle in partially
edentulous males may lead to greater mechanical advantage
during mastication than that in females. These findings may
be associated with sex-specific bite force generation and
mandibular bone mineral density distribution, which ought
to be explored in future studies as determinates of mandible
function.

The Lasso regression model with L1 regularisation pre-
dicted the full 3D morphology of unseen female and male
mandibles to within a leave-one-out RMS error of 1.8 mm
using all twelve digitised morphometric measurements as
shape predictors. Progressive improvement in the female
prediction error was observed, the more morphometric
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Fig.6 RMS error and num-
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measurements were employed to constrain the regression
model. However, for males, inclusion of more than seven key
morphometric measurements did not improve shape predic-
tion accuracy. The relatively high coefficient of variations of
the last five measurements selected to constrain the model
(ramus width, intercondylar distance, condylar height, body
height and body length) may have attributed to the lack of
prediction improvement in the male mandible.

The SSM, constrained by seven optimal measurements,
predicted female and male shapes to within leave-one-out
RMS errors less than 1.5 mm. Female prediction errors were
found at the ramus, gonion and condylar head, resulting from
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the gonial angle and condylar height measurements being
left unconstrained. Male shape prediction errors were found
on the ramus and gonion, which were likely due to the inter-
gonial distance being left unconstrained. Although condylar
height was constrained, the large coefficient of variation of
this measurement may have contributed to the prediction
errors observed on the condylar head. Gonion eversion is a
non-metric parameter which is thought to further contribute
to the prediction errors in the gonion region for both sexes.
Despite these errors, the BIC was shown to be effective in
selecting the optimal subset of morphometric measure-
ments to predict mandibular geometry. This technique may
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Fig.7 Shape prediction data
for a representative female and
male mandible. Shown are a
female subject’s actual (red)
and predicted (green) mandible
shape (a), and the correspond-
ing closest-neighbour whole
surface-to-surface RMS error in
mm (b), as well as a male sub-
ject’s actual (red) and predicted
(green) mandible shape (c),
and the corresponding closest-
neighbour whole surface-to-
surface RMS error in mm (d)

be useful as a tool for predicting patient-specific mandible
anatomy in reconstructive surgery, for example, when bony
geometry of one side of the mandible is not available due to
pathology or trauma. While the present study employed CT
images for surface geometry reconstruction and SSM devel-
opment, future studies ought to adapt the methods presented
to lower-dose imaging modalities used clinically, including
orthopantomogram (OPG).

The results showed that the BIC continued to increase
when using more than 7 morphometric measurements to
describe the mandibular geometry with the female mandible
dataset, while the BIC tended to plateau at 7 morphomet-
ric measurements when using the male mandible dataset.
We developed a combined-sex SSM using all 65 mandibles
and then used it to train two predictive SSMs: one using
the union set of the optimal male and female measurements

1

10.00
917

[ LUV
I

587

i

(8 measurements) and another using the intersection set (6
measurements). The union set model achieved a leave-one-
out RMS error of 1.38 mm, while the intersection set model
achieved a leave-one-out RMS error of 1.46 mm. While this
model error improves with the male-only model, it is worse
than that in the female-only model, suggesting that sex-spe-
cific models are better for shape prediction. However, the
difference in training set composition and size for the male,
female and combined models creates confounding effects.
The female training set is nearly double that of the male
set and could be a reason for the error difference between
the male and female SSMs. A larger male training set may
improve the error of the male SSM and the combined male
and female SSM.

There are some limitations that ought to be consid-
ered before interpreting the findings of this study. Firstly,
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Fig.8 Comparison of mean values of morphometric measurements
between actual and predicted female and male SSMs. An asterisk
denotes a statistically significant difference between the actual and
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predicted shape model for p <0.004. Angles are given in degrees and
length measurements in millimetres

Table 5 Comparison of morphometric measurements determined in the present study using non-size-normalised statistical shape models (SSM)
with those in cephalometric studies by Ozturk et al. (2013) and Parr et al. (2017)

SSM Ozturk et al. (2013)

Parr et al. (2017)

Female Male

Female (range)

Male (range) Female (standard Male (stand-

deviation) ard deviation)
Body length 72.9 78.6 72.8 (69.6-76.1) 75.1 (71.5-78.6) 73.6 (5.8) 78.3(5.9)
Body height 26.7 29.8 22.0 (19.8-24.2) 25.2 (22.6-27.7) 27.7 (3.0) 30.1 (2.6)
Ramus height 61.0 69.6 57.2 (54.6-59.9) 61.0 (57.8-64.1) 58.5(4.2) 65.2 (4.7)
Gonial angle 128.2 121.0 118.2 (114-122.3) 116.0 (112-121) 124.8 (8.4) 123 (7.2)
Intergonial distance 86.2 92.9 81.8 (78.4-85.1) 90.7 (87.3-94.1) 91.9(5.8) 99.6 (6.0)
Pogonion—interdental distance 222 21.4 25.0 (23.4-26.6) 27.3 (25.0-29.5) 29.9 (3.7) 329 4.7)

Shown are mandible body length, body height, ramus height, gonial angle, intergonial distance and pogonion—interdental distance. Angles are

given in degrees and length measurements in millimetres

we assessed mandibles of partially edentulous patients
selected for total joint replacement surgery of the TMJ,
and the anatomy and SSMs of these patients are likely to
be markedly different to those in healthy, dentate individu-
als. In the present study, mandibles were included from
patients with Category 5 end-stage disease of the TMJ.
This classification refers to a spectrum of disorders which
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include osteoarthritis, rheumatoid arthritis and idiopathic
condylar resorption and is primarily confined to the head
of the condyle which may lose mass and take on an irregu-
lar surface as a result of the disease progression. The rest
of the mandibular bony anatomy remains unaffected by
the Category 5 joint disease. This study provides data that
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may be useful in surgical planning and development of
prosthetic TMJs, particularly in partially dentate patients.

Secondly, the duration of edentulism, which is known
to influence the degree of alveolar atrophy and thus bone
morphology (Aragao et al. 2014; Chrcanovic et al. 2011),
was unknown in the patient data. In general, the presence of
teeth adds to the vertical dimension to the body of the man-
dible in the way of alveolar bone so that the surrounding soft
tissues, including the lips and cheeks, are well supported.
When teeth have been missing for a long period of time, the
alveolar bone undergoes resorption due to the lack of load
transmission through the supporting teeth. As a result, bone
mass and volume of a partially edentulous mandible can be
significantly less than that of a dentate mandible. Edentulism
may produce a more prominent mandible (i.e. Angle’s Class
3) with sunken appearance of the surrounding soft tissues
that lack the support of teeth. In end-stage conditions, this
can result in the basal bone being the primary supporting
framework for anchoring the tongue, floor of mouth and
airway muscles.

Thirdly, the SSMs were trained on a small sample of par-
tially edentulous subjects with 1-4 teeth absent (excluding
the third molars) of mainly Caucasian descent; however,
ethnicity is known to have a significant influence on eden-
tulism prevalence (Kailembo et al. 2017; Wu et al. 2012)
and may have been a confounding factor in the present study
that increased dispersion of the geometric data. Fourthly, the
degree of partial edentulism in each group was non-homo-
geneous and may have contributed to errors in model pre-
diction between sexes. Finally, PCA-based statistical shape
modelling approaches capture global shape variations but
are not capable of characterising local and nonlinear shape
variations which may have been present in the study groups.

In conclusion, the present study employed principal com-
ponent analysis-based statistical shape modelling to charac-
terise morphological variations across training sets of female
and male partially edentulous mandibles. Dimorphic traits
between sexes were confirmed, and seven morphometric
measurements were ascertained as the most optimal subset
of shape predictors for accurate prediction of 3D female and
male mandible geometry, respectively. This study describes
for the first time the use of SSMs in evaluation of inter-sub-
ject variability and morphology of partially edentulous man-
dibles. The modelling techniques may be useful in diagnosis
and treatment of TMJ disorders, implant design and testing,
pre-operative planning for reconstruction and implantation,
and development of intraoperative surgical guides.
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