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Structured Abstract

Objectives — To characterize soft-tissue facial height and width variation
in Class Il malocclusion and test for correlations with genes HMGA2,
AJUBA, and ADK.

Setting and sample population — Nine facial proportions were estimated
from 2D frontal repose photographs of 330 Caucasian adults with Class Il
malocclusion.

Material and methods — After adjustments for age and gender, the facial
proportions were submitted to a principal component analyses (PCA).
The most meaningful phenotypic variations were correlated with SNPs
rs7924176 (ADK), rs17101923 (HMGA2), and rs997154 (AJUBA) geno-
typed in 106 individuals.

Results — Principal component analyses resulted in four principal compo-
nents (PCs), which explained 75% of total variation. PC1 captured variation in
the intercanthus distance and explained 28% of total variation. PC2 explained
21% of the variations in facial taper and facial index. PC3 explained 14% and
reflected variations in the vertical dimension of the lower face. PC4 explained
12% and captured variations in distance between the eyes, width of the com-
missures, and the length of the superior aspect of the lower face height corre-
sponding to the vertical dimension of the philtrum of the upper lip. A
suggestive association (p < 0.05) was observed between PC4 and rs997154
corroborating the role of AJUBA in variation of facial dimensions.

Conclusion - 2D frontal photographs can be used to derive quantitative
measures of soft-tissue phenotypes that are of clinical relevance. The
methods described are suitable for discovery and replication of associa-
tions between genotypes and malocclusion phenotypes.

Key words: Class Il malocclusion; esthetics; phenotype—-genotype
correlations



Introduction

Balanced facial growth is essential for a sym-
metric, well-proportioned face and normal
occlusion. Understanding the mechanisms con-
tributing to developing balanced faces will ulti-
mately provide opportunities for prevention and
innovative treatment to benefit patients with
facial dismorphology.

Human malocclusion is a heterogeneous entity
with multifactorial etiology. In about 4% of the
population, malocclusion is severe enough that
it could lead to facial disproportion (1). Patients
with malocclusion show large dento-facial varia-
tions affecting esthetics and function (2). The
primary goal of orthodontic treatment is to rees-
tablish the harmony between the hard and the
soft tissue of the craniofacial complex. However,
little is understood about the etiological factors
that account for the phenotype variations in cra-
niofacial form.

Clinical records are routinely obtained from
patients seeking orthodontic treatment. Cephalo-
metric radiographs, 2D photographs, and dental
models have been traditionally used to develop
orthodontic diagnosis and treatment plans. Such
records may provide invaluable dento-facial phe-
notypic information for genetic studies of maloc-
clusion etiology and facial variation.

Variation in morphology of facial soft tissues is
particularly relevant as it contains all identifiable
features that a person can self-perceive, as well as
recognize in others. Studies using 2D soft-tissue
images have reported genetic associations
between the upper facial height and the gene
ENPPI (3) and between the cephalic index and
the gene FGFRI (4). Genetic studies of facial vari-
ation have recently expanded through the use of
3D facial surface technologies, which can capture
extensive data, and by employing high-through-
put genotyping technologies. Recent reports of
candidate genes (5-7) and genomewide associa-
tion studies (GWAS) (8-10) of 3D facial soft tissue
variation have found associations between the
genes PRDM16, PAX3, TP63, Chorfb0, Coll7Al,
HMGA2, AJUBA, and ADK with facial width
and height. However, these associations
only explained a small proportion of the trait
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variability (<10%), reflecting the complexity of eti-
ological factors associated with soft-tissue facial
variation. Consequently, studies of facial variation
require very large samples to detect genetic vari-
ants with small-to-moderate effects. Another
challenge with 3D data is its high dimensionality
that refers to the collection of a very large number
of measurements at once, which poses greater
demands for large samples (11). Therefore, while
3D data consortia continue to be developed (12),
large existing collections of 2D photographs may
also be useful for genetic studies of simpler yet
clinically relevant facial features.

Direct linear measurements from 2D photo-
graphs are of limited use due to dimensional errors
caused by image projection and patient position
(13). However, 2D facial phenotypes derived from
proportions, angles, and shape measures can still
be collected with minimal errors. Such measures
may capture several key components of clinically
relevant features affecting overall esthetic appear-
ance such as smile characteristics, tooth shape and
proportions, and overall facial balance (14). This
study focuses on overall facial balance in a frontal
photographic analysis.

The frontal photographic analysis (Fig. 1)
includes the overall proportion of facial width to
facial height (facial index), vertical facial propor-
tions, facial taper, transverse facial proportions,
and a measure of asymmetry. By convention, a
face is divided vertically into equal thirds
(Fig. 1A). The lower third of the face is divided
into an upper 1/3 consisting of the upper lip,
and a lower 2/3 consisting of the lower lip and
chin (Fig. 1A). The rule of fifths is used to assess
the transverse proportions of a face (Fig. 1B).
The facial taper is the proportion that compares
the interzygomatic width to the intergonial
width (Fig. 1C). Normative data for facial taper
have not yet been developed, but a face with
some inferior taper is thought to be most attrac-
tive (14). Finally, the facial index (Fig. 1D) that
describes the ratio between the interzygomatic
width to facial height (nasion to midsymphysis).
The average facial index for males and females
is 88.5 and 86.2%, respectively (15).

Imbalances in facial height and width are
characteristic of both Class III and Class II
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Fig. 1. Macro esthetic evaluation of frontal photographs. Depicts vertical evaluation utilizing the rule of thirds (A), transverse
evaluation utilizing the rule of fifths (B), facial taper (C), facial index (D). Reproduced with permision from Sarver D, Jacobson
RS. The aesthetic dentofacial analysis. Clin Plast Surg 2007;34:369-94

malocclusion altering occlusion between the
dental arches and patient esthetics (16-18). Little
is known about the etiology of facial height and
width imbalances. Accurate measurement of
such imbalances is essential for diagnosis, treat-
ment planning, and for studies of genetic etiol-
ogy of clinical phenotypes.

In this study, we described a comprehensive
characterization of facial soft-tissue height and
width proportions in patients with Class II mal-
occlusion based on frontal photograph analyses.
Additionally, we correlated the phenotypic varia-
tions measured with selective candidate genes
previously reported to be associated with facial
height and width.

Materials and methods

The study protocol was reviewed and approved
by the Institutional Review Board at the Univer-
sity of Towa.

Study sample

The study sample included adult Class II
patients who were seeking treatment at the Uni-
versity of ITowa Orthodontic Graduate Clinic, the
University of Iowa Hospital Dentistry Clinic and
at surrounding private practice orthodontic clin-
ics. The sample consisted of 330 Caucasian adult
subjects (79 men, 251 women; age range 16—
62 years and median age of 24 years) who met
eligibility criteria (Table 1). A convex profile was
determined by measuring the internal angle
between a line from the bridge of the nose to
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Table 1. Sample selection criteria

Inclusion criteria Exclusion criteria

Adult (female > 16 years,
male > 18 years)
At least 2 of the following History of severe facial

clinical criteria required trauma

ANB > 4 Previous orthodontic
treatment
Overjet > 4 Presence of facial

syndromes
Angle ClII molar or canine Missing or poor quality
relationship on at least one side records

Convex profile

the base of the upper lip and a line from the
base of the upper lip to the chin. A smaller angle
and a forward-positioned upper jaw relative to
the chin indicated a convex profile.

Photographic analysis

2D pre-treatment extraoral photographs of 330
Class II adults were imported into Dolphin
Imaging, version 11.0 (Dolphin Imaging Systems,
Chatsworth, CA, USA). Non-digital photographs
were scanned and imported into Dolphin Imag-
ing at the highest resolution necessary for good
image quality. All digital photographs were
imported into Dolphin Imaging at 300 dpi. A
total of 15 measures were made on frontal
repose photographs (Fig. 2). After the measure-
ments were recorded, vertical and transverse
facial proportions were calculated and submitted
for statistical analyses (Table 2).
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Fig. 2. Fifteen vertical and transverse facial measurements obtained from the frontal repose photographs in this study.

Table 2. Fourteen facial proportions estimated from 15 facial measurements

Facial proportions Definitions

MFH/TFH%* MidFace Height % of Total Face Height (Nasion-Subnasale/Nasion-Gnation)
LFH/TFH% LowerFace Height % of Total Face Height (Subnasale-Gnation/Nasion-Gnation)
SLT/LFH% Superior Lower Third % LowerFace Height (Subnasale-Stomion/Subnasale-Gnation)
ILT/LFH%* Inferior Lower Third % LowerFace Height (Stomion-Gnation/Subnasale-Gnation)
ILGap%* InterLabial Gap % (Measured Total Lip Vermillion/Sum Total Lip Vermillion)
REye/TotalTvD%

OuterCanthus)
InterlCan/TotalTvD%*

OuterCanthus)
LEye/TotalTvD%

OuterCanthus)
InterlCan/InterAlar% InterlnnerCanthus % InterAlar
Interlris/InterCommm%
InterOCan/InterGo%

MxMidDev%*

Right Eye % of Total Transverse (Right OuterCanthus — Right InnerCanthus)/(Right OuterCanthus — Left

InterinnerCanthus % Total Transverse (Right InnerCanthus — Left InnerCanthus)/(Right OuterCanthus — Left

Left Eye % of Total Transverse (Left InnerCanthus — Left OuterCanthus)/(Right OuterCanthus — Left

Interlris Distance % InterCommissure Distance

InterOuterCanthus Distance/InterGonial Distance

Maxillary Midline Deviation % — [mm distance from distal of central incisor to midline vertical (a vertical line

from subnasal through cupids bow)/m-d width of central incisor on side of deviation]

Faciallndex%

FacialTaper%

Facial Index (%) (Facial Index Width/Facial Index Height)

Facial Taper % (InterZygion distance/InterGonion distance)

*Five facial proportions removed prior to principal component analysis due to the lack of variation and colinearity.

Statistical methods

Analyses were primarily performed using SAS for
Windows (v 9.3; SAS Institute Inc, Cary, NC,
USA); adjusted residuals and violin plots were
created using R 3.1.0 software (19). A type I error
of 0.05 was assumed throughout.

Method error

Photographs from 15 random individuals with
Class II malocclusion were chosen to be mea-
sured two times at least 2 weeks apart by the
same rater (A.R.). The intrarater reliability of facial
and dental landmark location and the resulting

Orthod Craniofac Res 2015;18(Suppl.1):100-108 | 103



Moreno Uribe et al. Phenotype-genotype correlations of facial proportions

facial and dental proportions was assessed via the
intraclass correlation as described by Shrout and
Fleiss (20, 21). Recalibration procedures were per-
formed, and reliability testing was conducted
until an ICC value >0.75 was achieved.

Phenotyping - covariate adjustment and principal

component analysis

After 15 measurements were collected on the
frontal photographs, 14 vertical and horizontal
facial proportions were estimated for statistical
analyses (Table 2). Normality assumptions were
assessed via the Shapiro-Wilk test and normaliz-
ing transformations were applied as necessary.
Two of these variables (ILGap%, MixMid Dev%)
were removed from analyses due to lack of vari-
ation. Three more variables (MFHmm, ILTmm,
and InterlCanmm) were removed due to prob-
lems with high correlation and redundancy.
Therefore, nine remaining facial proportions
(Table 2) were adjusted for the effects of age
and gender and age by gender interactions and
subsequently submitted to principal components
analysis (PCA) to derive quantitative soft-tissue
phenotypes.

Genetic analyses

Single nucleotide polymorphisms (SNPs) were
genotyped via multiplex Fluidigm platforms
(Fluidigm Corp., South San Francisco, CA, USA).
Genotype-phenotype correlations were per-
formed to assess the potential association
between three candidate SNPs and the most
informative principal components (PCs) of soft-
tissue variation derived above. The three SNPs,
1s7924176 (A/G; ADK), 1s17101923 (G/T;
HMGA?2), and 15997154 (G/A; AJUBA) were
selected for study based on Fatemifar et al. (10)
who found associations between these SNPs and
craniofacial distances, particularly those index-
ing facial width as part of a genomewide associ-
ation study of primary tooth eruption.

Of the original 330 Caucasian adult samples,
DNA was available for 106 of these individuals.
There were 22 men and 84 women aged 16—
62 years (median 28 years of age). For each can-
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didate SNP, association analyses were conducted
under four genetic models: Firstly, a general test
of association was completed to compare the
distribution of the quantitative outcome of inter-
est (PC or sex-and-age adjusted facial ratio) for
the three groups defined by genotype. The non-
parametric Kruskal-Wallis test was used to per-
form this first test of association. A second test
of association used an ‘additive’ model, which
assessed whether there was a correlation of the
quantitative phenotype of interest with the num-
ber of copies of the minor allele. Spearman and
Pearson correlations were used where the non-
parametric Spearman correlation assessed
increasing or decreasing relationships. The Pear-
son correlation tested the assumption of a linear
relationship between the number of copies of
the minor allele and the mean response for the
phenotypic outcome. A third test of association
compared the distribution of the outcome of
interest for two groups defined using an autoso-
mal dominant model based on the presence of
at least one copy of the minor allele. As an
example, the autosomal dominant model of SNP
rs997154 (G/A) compared the phenotypic out-
come for GG individuals with those having either
the GA or AA genotype. The nonparametric Wil-
coxon rank sum (Wilcoxon-Mann-Whitney) test
was used to determine whether or not there was
an association. The fourth and final test of asso-
ciation compared the distribution of the out-
come of interest for two groups defined using a
recessive model based on the presence of two
copies of the minor allele. As an example, for
SNP 15997154 (G/A), the test compared the phe-
notypic outcome for individuals having the AA
genotype with those having either the GG or GA
genotype. The nonparametric Wilcoxon rank
sum (Wilcoxon-Mann-Whitney) test was used to
test whether or not there was an association. In
addition to the four tests of association, descrip-
tive statistics and box plots were generated for
each of the subgroups defined by genotypes of
the three candidate SNPs. Scatterplots corre-
sponding to the correlational analyses were also
produced. Violin plots, which combine features
of box plots and kernel density plots, were gen-
erated to give a more detailed impression of the



data and to explore distributional relationships
between groups defined by genotypes.

Results

Following an initial reliability assessment, intrar-
ater agreement was generally excellent with in-
traclass correlations of 0.9 or higher.

The PCA revealed that four PCs accounted for
75% of the total variance in the data (Fig. 3). All

o
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four components are displayed in Fig. 4A-D,
along with facial proportions that achieved the
highest loading values per component. Also
shown are images and measurements of maxi-
mum and minimum PC scores within each com-
ponent. Principal component 1 (PC1) explained
28% of the variation represented by differences
in the transverse dimension between the eyes
and width of the nose. Thus, individuals with
smaller PC scores presented features of hypertel-
orism, indicating greater separation between
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Fig. 3. Principal component (PC) analyses: four PCs accounted for 75% of the total variation.

A B
K2 K
Variables PC 2 loadings Extreme Extreme Norm
Variable PC 1 Loadings Extreme Extreme Ideal minimum maximmn
o e ol InterOCaninterGo 06817 64.7% 86%
ReyeTotalTvD 057619 29.1% 34.5% 33.3% FacialTaper 0.58408 103.4% 128.3% Unknown
LEyeTotalTvD 0.56591 28.6% 34.8% 33.3% 0.36157 119.5% 113.1% B5%
Inter|CaninterAlar 052654 100.6% 66.1% 100%
InterlrisinterComm 024243 117.9% 115.4% 100%
(o D

Variables PC3 Extreme Extreme Norm Variables PC4 loadings Extreme Extreme Norm
oadin minimum maximum minimum maximum

LFHTFH .6909: 47.1% 61.1% 50% InteririsinterComm 0.67406 105.2% 135.3% 100%

SLTLFH .5433. 29.9% 44.4% 333% SLTLFH 0.48678 27.9% 44.4% 33.3%

Facial Index .4347. 132.6% 103.3% 85% Facialindex 0.38662 114.9% 103.3% 85%

Fig. 4. Images depicting subjects with principal component (PC) scores on opposite ends for each of the four PCs explaining
75% of the total variation. Also shown are the highest loading facial proportions within each component, along with their ideal
values and the actual values for individuals on the opposite ends. (A) PC1 explains 28% of the variance and primarily reflects var-
iation in eye width, intercanthus distance, and also nose width. (B) PC2 explains 21% of the variance and depicts variation in
facial taper and facial index. (C) PC3 explains 14% of the variation and shows differences in the lower anterior facial height. (D)
PC4 explains 12% of the variation and along this component, individuals showed variation between the Inteiris inter commissures
proportions and also in the superior aspect of the lower third of the face.
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their eyes. Individuals with larger PC scores pre-
sented with smaller distances between their
eyes, which was consistent with hypotelorism
(Fig. 4A). PC2 explained 21% of the variation.
Individuals with smaller PC scores showed a
smaller ratio of inter-outer canter to intergonial
distance, and inverse taper relation (facial taper
up vs. down). Individuals with larger PC scores
presented lower tapered faces (Fig. 4B). PC3
captured vertical facial proportions and
explained 14% of the variation seen. Individuals
with smaller PC scores presented with short
lower faces and redundant lips, whereas individ-
uals with larger PC scores showed long lower
faces and a tendency for interlabial gaps
(Fig. 4C). Lastly, PC4 explained 12% of the varia-
tion. Individuals with smaller PC scores pre-
sented with eyes that were closer together yet
had wider commissures compared to individuals
with large PC scores who presented with the
opposite morphology. Also, a shorter superior
lower third and an increased facial index were
also present in individuals with smaller PC
scores indicating wider and shorter faces overall
compared to individuals with larger PC scores
(Fig. 4D).

Association analyses found that there was a
significant (p = 0.049) correlation between PC4
and genotypic classification of SNP rs997154 (G/
A, AJUBA) under an autosomal dominant model.
PC scores within PC4 tended to be greater for
individuals bearing at least one copy of the A
variant (MAF = 0.20) relative to GG individuals
(median of 0.28 vs. 0.11) (Fig. 5). While the stan-
dard deviations were roughly similar (0.94 vs.
0.85), there was somewhat greater variation
among individuals bearing the GG genotype for
SNP rs997154. Additional details of the distribu-
tions are seen in the violin plots (Fig. 6). Associ-
ation was also tested for the first five facial
proportions with the largest loadings for PC4
under a dominant model, yet no significant
results were found (all p > 0.19). It is important
to acknowledge that these results do not reflect
any multiple testing corrections as the use of
our modest sample of 106 individuals limited
our ability to detect associations at a conserva-
tive type-1 error level.
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Fig. 5. Box plot of principal component 4 by genotypes of
the SNP rs997154 G/A, AJUBA assessing dominant expression
of the minor allele.
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Fig. 6. Violin plots were generated to explore distributional
relationships between groups defined by genotypes for
15997154 (AJUBA), by scores of PC4.

Discussion

Phenotype-genotype correlation studies in
patients with malocclusion contribute important
knowledge that could translate into preventive
approaches, better clinical outcomes, and
potentially more rewarding clinical practice.
Current 3D technologies for recording of facial
soft tissues can produce 3D images with high
quality and precision that are non-invasive.
Studies using 3D data sets in conjunction with
large genomic data have resulted in initial
genetic association findings with aspects of
facial width and height in general populations.

Facial width and height have been studied at



length because of their possible correlations
with both disease risk (22) and social outcomes
(23). In orthodontics, facial width and height
are also key aspects in the diagnosis of maloc-
clusion and treatment planning. Therefore,
any knowledge of the genetic determinants of
these dimensions will contribute greatly to the
understanding of craniofacial growth and devel-
opment.

Typically, GWAS of quantitative traits have
resulted in the identification of common variants
with little effect on the trait's variability. An
important step in the discovery of genetic etiol-
ogy is the confirmation of initial findings in
additional data sets (24). For aspects of facial
width and height, 2D photographs that are rou-
tinely use as pre-treatment records in orthodon-
tics constitute a good data source for discovery
and replication studies.

In the current study, we utilized frontal
repose photographs of Class II patients to
derive 2D soft-tissue height and width quantita-
tive phenotypes and replicate previous associa-
tions found for HMGA2, AJUBA and ADK (10).
Specifically, SNP 1517101923 (HMGA2) was
found associated with the width of the upper
region of the face and nose, SNP 157924176
(ADK) was associated with the width of the
nose, and finally SNP 1s99714 (AJUBA) was
associated with an increase in the height and
prominence of the mid-brow particularly with
the distance between glabella to mid-endocan-
thion. Our results showed a suggestive associa-
tion between rs99714 (AJUBA) with our PC4
which depicted variation in the proportions that
relate the distance between the eyes (inter inner
canthus) to the distance between the commis-
sures and also between the proportions that
relate the height of the superior lower third to
the lower facial height. PC4 also included the
facial index; thus, individuals with at least one
copy of the A variant (MAF = 0.20) tended
toward narrower faces overall (i.e., smaller facial
index) relative to GG individuals.

Studies have shown that AJUBA is a member
of the LIM-domain-containing protein family,
which contributes to cell fate determination and
regulates cell proliferation and differentiation

Moreno Uribe et al. Phenotype-genotype correlations of facial proportions

(25). In mice, Ajuba is expressed early in devel-
opment in the facial prominences that give rise
to the forehead, nose, maxilla, and mandible
(http://
www.emouseatlas.org/emage/) (26). Moreover,
Ajuba is a negative regulator of the Wnt signal-
ing pathway that controls embryonic develop-
ment by
differentiation (27) and also negatively regulates
the Hippo signaling pathway which is implicated
in tissue size control and cancer (28). Therefore
our result, although modest and recognizing our
limitations due to small sample size, constitutes
an independent confirmation of AJUBA’s role in
facial variation. Moreover, given that AJUBA has
also been associated with primary teeth erup-
tion, its implication in other aspects of maloc-
clusion phenotypic variation warrants further
investigation in future studies of malocclusion

(EMAGE gene expression database

activating cell proliferation and

etiology.

Conclusions

This study identified four PCs that explained
75% of the total variation. In addition, this
study identified a suggestive association
between the AJUBA gene and PC4 depicting
width variation between the eyes and lip com-
missures, corroborating AJUBA’s involvement in
facial morphology.

Clinical relevance

Building large 3D-imaging data sets with DNA
resources is key for long-term efforts to identify
genetic influences on complex malocclusion
phenotypes. In the short term, however, it is
possible to derive from 2D records, clinically rel-
evant and meaningful measures of malocclusion
for phenotype-genotype studies. This study
reports on multivariate phenotypes of Class II
malocclusions derived from 2D frontal photo-
graphs which correlated with previously known
candidate genes for facial dimensional variation.
Our results support a previously reported link
between AJUBA and facial dimensional variation.
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