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Abstract

Introduction: Previous research suggests that aspects of facial surface morphology are her-
itable. Traditionally, heritability studies have used a limited set of linear distances to quan-
tify facial morphology and often employ statistical methods poorly designed to deal with
biological shape. In this preliminary report, we use a combination of 3D photogrammetry
and landmark-based morphometrics to explore which aspects of face shape show the
strongest evidence of heritability in a sample of twins.

Methods: 3D surface images were obtained from 21 twin pairs (10 monozygotic, 11 same-
sex dizygotic). Thirteen 3D landmarks were collected from each facial surface and their co-
ordinates subjected to geometric morphometric analysis. This involved superimposing the
individual landmark configurations and then subjecting the resulting shape coordinates to a
principal components analysis. The resulting PC scores were then used to calculate rough
narrow-sense heritability estimates.

Results: Three principal components displayed evidence of moderate to high heritability
and were associated with variation in the breadth of orbital and nasal structures, upper lip
height and projection, and the vertical and forward projection of the root of the nose due
to variation in the position of nasion.

Conclusions: Aspects of facial shape, primarily related to variation in length and breadth of
central midfacial structures, were shown to demonstrate evidence of strong heritability. An
improved understanding of which facial features are under strong genetic control is an im-

portant step in the identification of specific genes that underlie normal facial variation.

Introduction

Variation in human facial morphology is
strongly influenced by genetics. This con-
tention is supported by decades of accumu-
lated anthropometric research on twin con-
cordance and parent-offspring resemblance
[1-16]. To summarize the major findings of
the previous research: 1) estimates of herit-
ability for individual or composite quantita-
tive facial features generally range from
moderate (0.40) to high (0.80); 2) additive
genetic effects account for much of the ob-
served phenotypic variance in facial traits;
3) measured variables in each of the princi-
pal anatomical directions (horizontal, verti-
cal and projective) display strong evidence
of heritability; 4) vertically oriented
measures (e.g., facial height measures) tend
to be among the most heritable facial traits.
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Determining the genetic contribution for
specific facial traits remains a relevant area
of concern in a number of fields that deal
with human morphology, including paleoan-
thropology and orthodontics.

While the majority of craniofacial heritabil-
ity studies are limited to measures of skele-
tal structure, most often derived from radi-
ographs, a smaller number of studies have
focused solely on external soft-tissue fea-
tures [17-35]. These studies typically use
traditional anthropometric methods (i.e,
direct measurement with calipers) to quan-
tify the head and face, reporting similar
heritability estimates for these surface traits
as for the underlying skull. 3D surface im-
aging represents an alternative, and far less
invasive, method for capturing quantitative
data on the facial soft tissues [36,37]. Re-
cent advances in capture speed, accuracy,
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and affordability have rendered traditional
methods of direct facial measurement large-
ly obsolete. Moreover, by combining 3D
surface imaging technology with powerful
methods of landmark-based shape analysis,
it is possible to quantify subtle aspects of
facial morphology and variation often
missed with conventional anthropometrics.
Nevertheless, only two published studies to
date have utilized 3D surface imaging to
evaluate the genetic basis of facial features
[38,39]. Although both studies found a very
high degree of similarity among monozygot-
ic twins compared with same-sex dizygotic
pairs, with the central midfacial region ex-
hibiting the greatest level of concordance,
the quantitative analysis was limited to a
small set of simple linear distances, which
are often inadequate for describing complex
3D features.
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In this preliminary investigation, we utilize
3D digital stereophotogrammetry in concert
with geometric morphometrics to quantify
midfacial structures in a sample of monozy-
gotic (MZ) and same-sex dizygotic (DZ)
twins. The main objective is to identify as-
pects of midfacial shape that show the
strongest evidence of heritability.

Materials and Methods

A set of 10 monozygotic twin pairs (20 indi-
viduals) and 11 same-sex dizygotic twin
pairs (22 individuals) were ascertained at
the 2005 annual Twins Days Festival in
Twinsburg, Ohio. The twin sample was
comprised of Caucasian boys and girls be-
tween the ages of 5 and 12 years (mean age
= 9.3 years +2.2). Following informed con-
sent, a 3D facial photo was obtained from
each child as part of a broader assessment
of phenotypic traits. Medical history was
also collected from all participants to rule
out any congenital conditions or trauma
that might affect facial morphology. Rou-
tine orthodontic interventions were not
considered as a basis for exclusion. Parents
of same-sex twins completed a standard 15-
item questionnaire regarding the twins’
similarities and differences to determine
zygosity [40]. The algorithm for determin-
ing zygosity has been described elsewhere
[41]. It has been previously demonstrated
that this short questionnaire has an accura-
cy of 94% for zygosity determination when
compared with molecular genetic results
[41,42]. All aspects of this study were ap-
proved by an Institutional Review Board
(IRB).

Facial surface images were obtained via 3D
digital stereophotogrammetry (FaceCam
250, Genex Technologies, Kensington, MD).
Briefly, the imaging process involves pro-
jecting a structured light pattern onto the
facial surface, which is then recorded by
multiple CCD cameras with overlapping
fields of view. By extracting positional in-
formation from the deformation of the pro-
jected light pattern by the natural contours
of the target surface, the location of points
(> 300,000) distributed over the entire sur-
face is determined. From this collection of
points, an accurate 3D model of the facial
surface is then generated (Figure 1). Color
and texture information is captured simul-
taneously and is mapped onto the underly-
ing surface geometry, providing lifelike ren-
dering. The entire image acquisition pro-
cess takes place in less than 0.5 seconds.
The accuracy and precision of measures
derived these 3D surface models has been
explored previously by the authors and
found to very high [43,44].

Thirteen surface landmarks were collected
from each 3D facial model (Figure 1) and
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Figure 1. 3D facial surface showing the midfacial landmarks used in the present study. Midline points:

n=nasion, prn=pronasale, sn=subnasale.
cph=crista philtri, ch=chelion.

their XYZ coordinate locations saved. These
landmarks correspond primarily to central-
ly located midfacial structures and are de-
fined as in traditional surface anthropome-
try [45]. There were several factors that
limited the number and kinds of landmarks
we were able to collect. For many subjects,
the quality of the scans was compromised
below the labial fissure, eliminating the
opportunity to capture landmarks on the
lower lips or chin. Furthermore, a number
of subjects failed to maintain open eyes
during the capture, making the identifica-
tion of exocanthion impossible. A geometric
morphometric approach was utilized to
perform shape analysis of the landmark
coordinate data [46,47]. First, the individu-
al landmark configurations for all 42 partic-
ipants were scaled and aligned through a
least-squares Procrustes superimposition
[48]. This procedure results in a new set of
3D coordinates (Procrustes coordinates),
preserving only shape information. To con-

Bilateral points: en=endocanthion, al=alare, sbal=subalare,

trol for any remaining allometry effects in
the data, centroid size was regressed
against the Procrustes shape coordinates,
and the resulting residuals were saved for
further analysis. Principal components
analysis (PCA) was then applied to the al-
lometry-adjusted Procrustes coordinates in
order to describe the shape variation pre-
sent in the dataset. In the context of shape
analysis, PCA reduces the dimensionality of
the Procrustes coordinate data into a more
manageable number of uncorrelated sum-
mary variables (components), each captur-
ing a distinct mode of shape variation [49].
Because the geometric morphometric ap-
proach preserves the intrinsic geometry
present in landmark coordinate data, shape
variation associated with a given principal
component (PC) can be visualized intuitive-
ly as a displacement of points in 3D space
[50,51]. To further enhance visualization,
facial surface warps can be generated based
on the PCA results.
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Similar to traditional PCA or factor analysis,
every subject in the dataset receives a score
on each extracted PC. These PC scores can
then be used to compute narrow-sense her-
itability (G) estimates with the following
formula:

G = 2(ICCmz - 1CCpz)

where ICC is the intraclass correlation coef-
ficient. This is a very crude method for es-
timating heritability, often used when am-
ple sizes preclude the use of more refined
methods, such as structural equation mod-
eling. All geometric morphometric analyses
(Procrustes analysis, allometry regression,
and PCA) were carried out using the pro-
gram Morpho] [52]. Facial surface warps
based on the PCA results were generated
using the program Landmark v3.6
(http://www.idav.ucdavis.edu/research/Ev
oMorph).

Results

A total of 17 PCs were extracted; ICCs were
only calculated from scores on the first 9
PCs, which accounted for approximately
90% of the total shape variance. Three of
the derived shape PCs displayed evidence of
moderate to high heritability (PC4, PC5, and
PC7); the remaining six PCs were unreveal-
ing. The heritability estimates for PC4, PC5,
and PC7 are provided in Table 1; although
the values reported here approach 1.0, it
should be noted these are still very crude

approximations. We attempted to use boot-
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Table 1. Intraclass correlation coefficients (ICC) and G estimates for principal components showing evi-

dence of high heritability.

Shape Component Variation Explained ICCmz 1CCp; G°
e 6.8% 0.783* 0.013 1.0°
PC5 5.7% 0.771* 0.314 0.9
PC7 4.0% 0.675* 0.284 1.0°

* p < 0.05 for test of within group non-zero ICC
2 G= 2(|CCMZ— |CCDz)
b Heritability estimate capped at 1.0

strap resampling techniques to obtain em-
pirical confidence intervals for these esti-
mates. These resulting confidence intervals
approached or included zero and were like-
ly affected by the small sample size from
which the permutations were based. Indi-
vidually, these PCs accounted for a relative-
ly small amount of the total shape variance
(PC4 = 6.8%, PC5 = 5.7%, PC7 = 4.0%). PC4
was associated with a complex suite of
shape variations. In the upper face, varia-
tion in the lateral position of the left/right
endocanthion points (relating to the degree
of hyper/hypotelorism) was observed. Var-
iation in nasal breadth, height, and projec-
tion was due primarily to shifts in the verti-
cal and anterior-posterior position of nasi-
on, the lateral position of the alar cartilages
(left/right alare), and the anterior-posterior
position of the nasal tip (pronasale). In the
orolabial region, PC4 was associated with

PC4 Postive

Figure 2. Facial surface warps modeling the shape variation associated with PC4 (along the horizontal
axis) and PC5 (along the vertical axis). The centrally located face represents the average or consensus
facial surface for the sample. Movement along the principal axes of shape variation in either direction
away from the consensus face is accompanied by the 3D displacement of landmarks and modeled as a
deformation of the consensus 3D surface. This deformation reflects the major modes of shape variation

associated with PC4 and PC5, respectively.
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variation in the length of the philtrum and
vertical height of the upper lip; this was
coupled with relative changes in the vertical
position of the left and right chelion. PC5
was associated mainly with the vertical and
anterior-posterior position of nasion, the
anterior-posterior position of the orbits
(left/right endocanthion), and the breadth
of the nasal floor and philtrum. Variation in
shape associated with PC4 and PC5 are de-
picted as surface warps in Figure 2. PC7
(not shown in Figure 2) was related primar-
ily to the vertical position of landmarks
defining the interorbital septum (nasion
and the left/right endocanthion) and varia-
tion in the nasolabial angle due to the ante-
rior position of the upper lip relative to the
nose. The first few PCs, accounting for the
majority of shape variation in the sample,
did not demonstrate strong evidence of
heritability. Instead, shape variation along
these PCs was related more to sex and
age/maturity related factors. The source of
the variation for the remaining PCs was not
immediately apparent.

Discussion

The results of the present study revealed
evidence of heritable shape variation in
central midfacial structures, including the
interorbital region, nose, and upper lip.
Principal shape components associated with
the degree of horizontal separation between
the eyes, the length, breadth and projection
of the nose, and the height and projection of
the upper lip all demonstrated high herita-
bility. These findings are largely supported
by more traditional anthropometric studies
that utilize standard linear distances to
quantify facial surface structures [18-20,22-
35]. There is also substantial overlap be-
tween the results of the present study and
those of prior 3D facial surface studies on
twin pairs. Burke [38] employed an early
form of stereophotogrammetry to assess
facial similarity in a sample of 18 like-sexed
twin pairs. Of the 13 facial measures exam-
ined, the degree of intrapair difference was
significantly greater in DZ compared to MZ
twins for eight variables, most of which
involved central midfacial structures includ-
ing the nose, interorbital region, and upper
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lip. Using a similar study design, Naini and
Moss [39] reported comparable results in a
sample of 20 like-sexed twin pairs using 3D
laser scanning technology. Kau et al. [53]
utilized 3D laser surface scanning to evalu-
ate facial resemblance in a single pair of
monozygotic twins; within-pair differences
at points spread over the facial surface were
generally at the sub-millimeter level (the
chin region showed the greatest disparity at
1.5-1.9mm).

Several prior studies report the highest
heritability estimates for vertically oriented
facial measures [6,9-11,24,54], although
there is considerable disagreement on this
point [7,14,33-35]. The current findings
present a slightly more complex picture.
PC4 was associated with simultaneous
changes in the relative length and breadth
of the midface. This pattern of correlated
shifts in length and breadth contributed to
an overall shift in midface shape, from nar-
row and long to short and broad (see Figure
2). The remaining two PCs showing evi-
dence of heritability, however, were related
primarily to the vertical and anterior posi-
tion of the midline landmark nasion. Thus,
there is only partial support for the conten-
tion that vertical aspects of the face show
higher heritability relative to variation
along other principal anatomical directions.

Determining the heritability of quantitative
facial traits represents an important step in
the effort to identify specific genes that un-
derlie typical variation in face shape. To
date, limited work in this area has been
carried out on animal models. Quantitative
trait loci (QTL) have been identified in mice
that relate to variation in mandibular [55-
57] and maxillary shape [58,59]. In particu-
lar, QTLs on several chromosomes have
been associated with variation in midfacial
breadth and length (projection) in the
mouse skull [58,59]. In dogs, polymor-
phisms in specific candidate genes (e.g.,
Tcof1, Fgf8, Runx2) have been shown to
influence the extreme variation in facial
form that characterizes certain breeds [60-
63]. In humans, a handful of recent studies
have also begun to uncover the genetic basis
of facial shape [64,65]. Interestingly, both
of the aforementioned human studies have
independently identified associations be-
tween SNP variants in the PAX3 gene and
variation in nasal root morphology, specifi-
cally relating to the relative position of na-
sion and left/right endocanthion. Variation
in the spatial position of these same points
was associated with all three relevant PCs in
the present study, suggesting that our pre-
liminary results, although quite limited, may
have some external validity.

It is important to keep in mind that alt-
hough several derived shape PCs showed
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seemingly very high levels of heritability,
these estimates are based on a simplistic
approach to modeling heritability in a small
sample and ultimately could not be substan-
tiated using resampling methods. Conse-
quently, the heritability values for PC4, PC5,
and PC7 are likely to be overestimates of
the true additive genetic effects on pheno-
typic similarity. Rather than focusing on the
values in an absolute sense, a more prudent
interpretation might be that PC4, PC5, and
PC7 demonstrated the most compelling
evidence of heritability, relative to the other
components of shape variation derived
here. In future studies, larger samples will
hopefully permit the use of more sophisti-
cated methods for estimating heritability,
including those based on structural equa-
tion modeling.

Conclusion

This study represents a preliminary attempt
to estimate the heritability of facial shape
using a combination of 3D stereophoto-
grammetry and landmark-based geometric
morphometrics in a sample of twin pairs.
Our results indicate that variation in both
the length and breadth of central midfacial
structures showed statistical evidence of
moderate to high heritability. These results
are in line with previous reports, including
recent studies that have identified specific
genetic variants underlying facial shape in
humans. Nevertheless, due to the small size
of the sample of twin pairs available for
analysis, the results here should be viewed
as preliminary and, as such, interpreted
with caution.
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