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Abstract

The most common live-born human aneuploidy is trisomy 21, which causes Down syndrome
(DS). Dosage imbalance of genes on chromosome 21 (Hsa21) affects complex gene-regulatory
interactions and alters development to produce a wide range of phenotypes, including
characteristic facial dysmorphology. Little is known about how trisomy 21 alters craniofacial
morphogenesis to create this characteristic appearance. Proponents of the “amplified
developmental instability” hypothesis argue that trisomy 21 causes a generalized genetic
imbalance that disrupts evolutionarily conserved developmental pathways by decreasing
developmental homeostasis and precision throughout development. Based on this model, we test
the hypothesis that DS faces exhibit increased developmental instability relative to euploid
individuals. Developmental instability was assessed by a statistical analysis of fluctuating
asymmetry. We compared the magnitude and patterns of fluctuating asymmetry among siblings
using three-dimensional coordinate locations of 20 anatomic landmarks collected from facial
surface reconstructions in four age-matched samples ranging from 4 to 12 years: 1) DS individuals
(m=55); 2) biological siblings of DS individuals (/=55); 3) and 4) two samples of typically
developing individuals (/=55 for each sample), who are euploid siblings and age-matched to the
DS individuals and their euploid siblings (samples 1 and 2). Identification in the DS sample of
facial prominences exhibiting increased fluctuating asymmetry during facial morphogenesis
provides evidence for increased developmental instability in DS faces. We found the highest
developmental instability in facial structures derived from the mandibular prominence and lowest
in facial regions derived from the frontal prominence.
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Since Darwin's publication of 7he Origin of Speciesin 1859, scientists have sought to
understand how phenotypic variation arises within and between species. The study of both
normal and abnormal ranges of phenotypic variation in humans is particularly interesting,
given the potential for shedding light on human evolution, variation, and health.
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Aneuploidies that are compatible with life provide a unique opportunity to address questions
about how biological mechanisms of morphogenesis are altered by genetic and
developmental perturbations. Trisomy 21 (i.e., Down syndrome) occurs in approximately
1:700 live births and is the most frequent liveborn human aneuploidy. Approximately 95%
of Down syndrome (DS) cases occur from nondisjunction, which results in an entire extra
copy of chromosome 21, although the specific alleles on the extra chromosome 21 differ for
each individual (Fisher, 1983; Hassold et al., 1993). The other 5% of DS cases occur from
mosaicism or translocation of chromosome 21, which may or may not produce strong
phenotypic changes. DS has been argued to be an extreme form of copy number variation
(Korbel et al., 2009; Wiseman et al., 2009; lonita-Laza et al., 2009; Makino and McLysaght,
2010).

Gene-dosage imbalance caused by trisomy 21 (Kahlem et al., 2004; Birchler et al., 2005,
2007; Veitia et al., 2008) produces the clinical presentation of Down syndrome (DS), which
includes impaired cognition, congenital heart anomalies, and characteristic facial
dysmorphology (Jones, 2006; Reeves, 2001). In particular, craniofacial differences
associated with DS include: brachycephaly, epicanthic folds, midfacial hypoplasia, poor or
absent sinus development, flat or depressed nasal bridge, upturned nose, variable tooth
morphogenesis and eruption patterns, reduced facial dimensions, and slower craniofacial
growth rates (Kisling, 1966; Frostad et al., 1971; Jones, 2006; Megarbane et al., 2009). Our
knowledge of how trisomy 21 alters developmental stability to produce the immediately
recognizable and characteristic facial morphology typical of individuals with DS remains
limited.

It has been hypothesized that trisomy 21 causes an “amplified developmental instability”
(ADI) that results in asymmetry and increased variance of phenotypic characteristics
(Shapiro, 1970, 1975, 1983; Barden, 1980; Townsend, 1983). Developmental instability
(DI) refers to an organism's tendency to produce a morphological change in response to
developmental perturbations (Richtsmeier et al., 2005). DI is the opposite of developmental
stability, a term referring to the tendency of an organism not to exhibit morphological
change when experiencing genetic or environmental perturbation due to canalization
(senstMaddington, 1957). Historically, developmental instability has been estimated as a
measure of the metric differences between the left and right sides of symmetrically
developing organisms. Typically, the left and right halves of a symmetric organism
experience the same environmental and genomic influences during development.
Consequently bilateral features of an organism (e.g., facial features) are expected to develop
as replicates or mirror images of the opposite side. Genetic or environmental stress during
development can increase developmental noise, expressed as minor departures from an ideal
developmental program of perfect bilateral symmetry (Hallgrimsson et al., 2002). Stressors
can potentially result in reduced developmental precision and increased DI during
morphogenesis. Several studies have provided statistical evidence for a positive association
between various types of stress and DI in a variety of traits in different populations and
species (e.g., Livshits and Kobyliansky, 1991; Clarke, 1992; Naugler and Ludman, 1996;
Willmore et al., 2005, 2006; DeLeon, 2007).

Dl is frequently estimated in populations of normally symmetric organisms using an
analysis of fluctuating asymmetry (FA) (Palmer and Strobeck, 1986, 1992, 2003; Palmer,
1994; Dongen, 2006). For a single measurement, we can define the (signed) asymmetry of
an individual by subtracting the right-side measurement from the left: L—F~. Three basic
types of asymmetry (Fig. 1) are defined for samples based on frequency distributions of .-
R: directional asymmetry, antisymmetry, and FA (Palmer and Strobeck, 1986, 1992, 2003;
Palmer, 1994). Directional asymmetry describes a pattern of .-/ side differences that are
biased towards a particular side with a unimodal distribution and a mean that is different

Am J Phys Anthropol. Author manuscript; available in PMC 2014 May 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Starbuck et al.

Page 3

from zero. Antisymmetry describes a pattern of L—R side differences where consistent
differences between sides are present but the differences are nondirectional, which results in
a bimodal distribution and a mean of zero. Fluctuating asymmetries tend to be small and
randomly distributed on each side of bilateral organisms (i.e., nondirectional), producing a
distribution of L—R side values that is unimodal and centered at zero (Palmer and Strobeck,
1986; Richtsmeier et al., 2005). Several studies have shown that environmental and genetic
effects can alter DA and FA (Barden, 1980; DeLeon, 2007; Klingenberg et al., 2010). It has
been argued that FA can be measured as a surrogate to estimate DI (Palmer and Strobeck,
1986, 1992, 2003; Palmer, 1994; Dongen, 2006).

Proponents of the ADI hypothesis argue that trisomy 21 causes a generalized genetic
imbalance that disrupts evolutionarily conserved developmental pathways by decreasing
developmental homeostasis and precision (Shapiro, 1970, 1975, 1983). According to this
model, the developmental program, which is under genetic control, is buffered or canalized
in such a way that development tends to proceed along evolved trajectories unless perturbed
by environmental or genetic insult (Shapiro, 1983). Proponents of the ADI hypothesis
maintain that abnormal phenotypes found in individuals with DS (e.g., smaller palates,
irregular tooth development, abnormal dermatoglyphics) tend to be the same as those that
are less buffered (or canalized) during development in euploid individuals and, therefore,
these traits are developmentally labile and more likely to exhibit increased phenotypic
variation when perturbed by genetic or environmental insults during development (Shapiro,
1975, 1992). Several studies offer support for the ADI hypothesis (e.g., Shapiro et al., 1967,
1975; Cronk and Reed, 1981; Dunlap et al., 1986). Thus far, no studies have explored
whether ADI is present in DS facial features.

The purpose of this investigation is to quantitatively determine if DS faces exhibit ADI
relative to their euploid biological siblings and relative to typically developing, euploid
siblings, unrelated to the DS sibling pairs. Because DI is difficult to measure in humans
directly, we measure FA as a surrogate for DI and compare the amount of FA across
samples of DS individuals, non-DS euploid siblings, and typically developing sibling pairs
to determine how DI differs across samples. We hypothesize that DS individuals will exhibit
increased or amplified facial DI as measured by FA, relative to both their own euploid
biological siblings and to euploid non-biological sibling pairs. We use patterns of
differences in FA to discuss how trisomy 21 can alter developmental stability during
craniofacial morphogenesis.

Materials and Methods

Here we employ an age-matched, case-control, four-group study design (Fig. 2). Four cross-
sectional samples of three-dimensional human facial images (4-12 yrs.) were acquired for
analysis and are defined as follows: sample 1—DS individuals (A=55), sample 2—euploid
individuals who are siblings of a DS individual (A=55), sample 3—euploid individuals who
are part of a typically developing sibling pair and who are age-matched to sample 1 (A=55),
and sample 4—euploid individuals who are part of a typically developing sibling pair that
have a biological sibling in sample 3 and who are age-matched to sample 2 (A=55).
Individuals in sample 1 were previously diagnosed with DS by medical practitioners. The
parents of DS individuals were asked to report whether DS occurred from nondisjunction,
mosaicism, or translocation at the time of image acquisition and by mail using a follow-up
questionnaire. DS cases from mosaicism and translocation are rare (5%), and we have made
efforts to exclude individuals with these diagnoses from the current study to focus on DS
from nondisjunction; however, it is possible that individuals were included in this study who
have DS from mosaicism or translocation. Sex ratios between age-matched samples are
similar, but not equal (sample 1: 45% male, 55% female; sample 2: 53% male, 47% female;
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sample 3: 38% male, 62% female; sample 4: 58% male, 42% female). No attempt was made
to control for ethnic/ancestral background; however, the majority of the sample is
Caucasian. All images used in this study were collected with protocols approved by the
Pennsylvania State University Institutional Review Board (IRB # 23283 and # 36627).

Three-dimensional images of facial morphology were acquired using the 3dMD
photogrammatic system (available at: http://3dmd.com/) after instructing subjects to display
a neutral facial expression white sitting in an upright position. The 3dMD camera system is
portable and acquires images simultaneously using six cameras, each with a different
viewpoint, and merges them into a single, three-dimensional surface. The 3dMDpatient
software (v4.0) was used to record the three-dimensional coordinates of 20 standard facial
landmarks from each surface twice (Fig. 3). Several studies have confirmed that 3dMD
surfaces are accurate three-dimensional representation of facial topography and that the
three-dimensional locations of anatomical landmarks recorded from these surfaces are
precise and reliable (Aldridge et al., 2005; Weinberg, 2006; Wong et al., 2008).
Measurement error was assessed by collecting landmarks from images of five random
individuals drawn from the overall sample. Each of these images was landmarked on five
separate occasions with at least 24 h between landmarking sessions to avoid memory bias in
landmark placement. Standard deviations of landmark coordinates along the x; y; and zaxes
were averaged to calculate mean measurement error (Valeri et al., 1998; Aldridge et al.,
2005; Schmidt et al., 2011). Mean measurement error local to each landmark was estimated
to be 0.29 mm (0.26 mm along the x-dimension, 0.30 mm along the y~dimension, and 0.31
mm along the zdimension) and is considered adequately low for the purposes of this study.
For each individual, we checked for gross landmark errors in data collection (e.g.,
mislabeling right and left side landmarks) by subtracting the coordinates of each
landmarking trial from each other and confirming that differences were negligible.
Landmark coordinates were then averaged from two separate digitizing episodes to further
minimize any potential effects of measurement error for each individual. Average coordinate
locations of landmarks were used for analyses.

Landmark coordinates were initially subjected to a Procrustes superimposition and principal
components analysis (PCA) using MorphoJ software (Klingenberg, 2011) to determine
whether or not males and females exhibit strong DA and FA differences in multidimensional
shapespace. For both the symmetric and asymmetric components of shape variation, males
and females from all samples completely overlap on PCA scatterplots for all principal
component axes (Supporting Information Fig. 1), suggesting that strong differences in DA
and FA are not present between 4- and 12-year-old males and females in our samples,
despite the fact that sex ratios in each sample are not precisely the same.

We used a two-sample Euclidean Distance Matrix Analysis (EDMA) approach (Cole 2001)
to statistically evaluate differences in FA between the following samples: 1) DS individuals
(sample 1) versus their unaffected siblings (sample 2); and 2) typical individuals age-
matched to the Down syndrome individuals (sample 3) versus their unaffected siblings
(sample 4) who are age-matched to sample 2. Landmark data were used to compute 63
bilateral linear distances, and FA was estimated for each pair of distances. For each
individual, the asymmetry of each measurement was quantified by subtracting the right side
measurement from the left side measurement (L-F). A difference of 0 indicates perfect
symmetry, while a positive value indicates a larger left-side measurement, and a negative
value indicates a larger right-side measurement. The L—R difference measures asymmetry
without taking size differences between individuals into account. To account for potential
size variation among individuals being compared in this study, we also quantified
asymmetry using the natural logarithm of the ratio of L to R(/n(L/R)). This measure of
asymmetry is scale-free (Palmer and Strobeck, 2003). While our samples are age-matched,
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thereby reducing the need for a scale adjustment, by calculating asymmetry using both
methods, we can evaluate the effect that size variation has on our results.

In some applications, it may be necessary to account for directional asymmetry (DA) when
defining FA. DA is the mean of the (signed) asymmetries for the sample: DA=(L — R). We
can then redefine the asymmetry of an individual conditional on the amount of DA in the
sample:|(L — R) — DA|=|(L — R) — (L — R)| The amount of fluctuating asymmetry in
the sample is then the mean of A|DA. Noting that our measurement of FA is conditional on

DA, we write FA|DA=A|DA=|(L — R) — (L — R)|. The inclusion of DA in the definition
of FA is common in studies that partition the variance in asymmetry into different
components (e.g., Procrustes superimposition; Klingenberg and Mcintyre, 1998;
Klingenberg et al., 2002). However, it is not an essential part of FA as we study it here, and
Richtsmeier et al. (2005) have argued that DA should only be considered when there is a
good biological reason for doing so. Because we have no a priori reason to suspect DA is
present in the human faces studied, the results presented in this paper have not been
corrected for DA. However, it is noteworthy to mention that the results with a DA correction
are similar to results presented here (Supporting Information Fig. 2).

For each linear distance, we consider the null hypothesis that the amount of FA is the same
in the two samples we compare. For example, in a comparison of DS individuals with their
unaffected siblings (Sib): Hg i FAps=FAsip. To test this hypothesis we define a test statistic
FApifi=FAps—FAsip. If the null hypothesis of equal FA is true, we expect FAp;s=0. If
FAifs is greater than 0, the DS sample has more FA than the sample of their siblings for
that particular measurement; if the difference is less than 0, the euploid sibling sample has
more FA. We use the bootstrap to compute a marginal confidence interval for FApjs for
each distance (Efron and Tibshirani, 1993; Davison and Hinkley, 1997). The algorithm is
similar to the one developed by Richtsmeier et al. (2005), with a modification to account for
the fact that individuals in two samples are related. Continuing with a comparison of the DS
sample with their siblings:

1. Compute the test statistic. Call the sample sizes for the DS and sibling samples 7
(the same for both samples, since we have sibling pairs). Compute FA for both

L
samples, defining FA as either (Z — R) or|In()|. Define the empirical test
statistic for the difference in FA: FApi#=FAps - FAsip. This is done for each linear
distance;

2. Compute the bootstrap estimate of the test statistic. Select 7 DS-sibling pairs from
the two samples, randomly and with replacement. Note that a given DS individual
and his/her sibling are sampled together. Here is the difference between this
application of the bootstrap and the algorithm in Richtsmeier et al. (2005). Call the
pseudosample of DS individuals DS*; similarly, call the pseudosample of siblings
Sib*. Using the respective pseudosamples, compute bootstrap estimates of FA,
called FAps™ and FAgj,*. The bootstrap estimate for their difference is FApjsr*.
Compute FApjs* for each linear distance;

3. Conduct the bootstrap resampling. Repeat Step 2 Mtimes, where M is some large
number (e.g., 1,000 or more), independently generating new pseudosamples each
time. For every resampling, compute a new estimate of FAp;f* and save it to an
array. Again, there is an estimate for each distance;

4. For each distance, determine the marginal confidence interval from the bootstrap
sample. Sort the array of FApjs* estimates from smallest to largest: FApis*[1]...
FApis*[M]. This vector is truncated to get a percentile confidence interval for
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FApiss (i.e., the original estimate and not a bootstrap estimate). For a (1-a)%
confidence interval, the lower bound will be FAp;*[(M)(0/2)] and the upper
bound will be FAp;*[(M)(1-0/2)]. For example, if we want 90% confidence
intervals (0=0.10) based on AM=1,000 resamples, the lower and upper bounds will
be FApit*[50] and FAp;#*[950], respectively.

5. Evaluate the null hypothesis using the confidence interval. To evaluate the null
hypothesis, we see if the confidence interval for a given measurement contains 0,
which is our expectation for FAp;s. If the confidence interval excludes 0, the null
is rejected for that linear distance, and the levels of FA in the two samples are
considered to be different for that linear distance.

Additionally, we explored spatial patterning of FA differences between the DS sample and
their siblings (i.e., samples 1 and 2), and the two typically developing sibling samples (i.e.,
samples 3 and 4) using an approach specific to human facial development. Differences in
FA found between samples 3 and 4 provide an expectation of the types of differences that
occur between biological siblings. The human face initially develops from five facial
prominences that form during craniofacial morphogenesis: the frontonasal prominence,
paired maxillary prominences, and paired mandibular prominences. Paired lateral and
medial nasal prominences then form on the ventrolateral margin of the frontonasal
prominence, and the paired mandibular prominences fuse. Around the eighth week of
development, the facial prominences have migrated and merged and are arranged in a
configuration similar to that found in fully-developed human faces. Based on this facial
configuration, we divided the face into different regions representing the prominences that
give rise to each facial region during craniofacial morphogenesis (Fig. 4). The face was
divided into the following prominences: 1) frontal; 2) medial nasal (paired); 3) lateral nasal
(paired); 4) maxillary (paired); and 5) mandibular. We assessed relative facial
developmental stability in the DS sibling sample by exploring how frequently linear
distances with significantly different FA were found within each developmental region.
Linear distances exhibiting significantly different FA in each two-sample comparison were
scored by tracking which developmental modules (i.e., prominences) each linear distance
crosses. This was done for each linear distance exhibiting significantly different FA between
each two-sample comparison. Because linear distances exhibiting significantly different FA
between samples 3 and 4 provide an expectation of the quantity and types of FA we expect
to differ between siblings, we subtracted the number of times each of these linear distances
crossed each developmental boundary from the number of differences found between
sample 1 and 2 to provide a summary of how FA between DS siblings (one trisomic and one
euploid) differ from euploid siblings (both euploid). For each facial region, we then divided
the number of times each linear distance exhibiting significantly different FA crossed each
facial region by the number of times all possible linear distances could have crossed each
facial region.

In the comparison of DS individuals and their unaffected siblings, with FA defined as

|(L — R)], 35 of the 63 linear distances (56%) exhibit significantly different FA on the basis
of 90% confidence intervals for FApjss (Fig. 4A). In every significant case, the amount of
FA is greater in the DS sample, with mean values of the amount of FA in the DS sample
being 52% greater (Table 1). When FA is defined to account for possible differences in size

L
(FA:HH(E)D, the number of significant differences between the DS and unaffected sibling
samples increases to 48 of 63 (76%) (Fig. 4B). Again, in every significant case, the amount
of FA is greater in the DS sample, with mean values of the amount of FA in the DS sample
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being 64% greater. Given the age and size variation in each sample, the results from the
second bootstrap analysis (/n(L/R)) are likely more robust, since that definition of
asymmetry is scale-invariant (Palmer and Strobeck, 2003).

In contrast to the comparison with DS individuals and their siblings, there were few
significant differences in FA between the unrelated, typical individuals that were age-

matched to the DS sample and their unaffected siblings. When FA was defined as |(L — R)),
only 13 of 63 linear distances (21%) exhibited significantly different FA (Fig. 4C). When

L
the test statistic accounts for differences in size (FA=[In(=)I), only seven linear distances
(11%) exhibited significant differences in FA between the typical siblings (Fig. 4D).

Spatial patterning and FA results are similar for each bootstrap analysis (Table 2). For the

FA difference (L — R) analysis, the mandibular prominence exhibits the greatest amount of
FA and therefore DI, followed by the maxillary prominences, medial nasal prominences,

lateral nasal prominences, and the frontal prominence. For the FA ratio (|1n(%)|) analysis,
the mandibular prominence again exhibits the greatest amount of FA and therefore DI,
followed by the maxillary prominences, lateral nasal prominences, medial nasal
prominences, and the frontal prominence. The main difference between patterns of
differences for each analysis is the relative importance of the medial and lateral nasal
prominences relative to the other facial prominences.

Discussion

Studies of normal and abnormal variation contribute to holistic and integrative
anthropological approaches of understanding all aspects of the human condition.
Chromosomal changes that are compatible with life hold the potential to alter developmental
mechanisms and patterns of phenotypic variation, and consequently provide researchers with
a unique opportunity to address questions about how biological mechanisms of development
are altered by genetic and other perturbations.

We estimated patterns of fluctuating asymmetry (FA) in age-matched samples of DS
individuals, siblings of individuals with DS, and samples of typically developing siblings
and used statistical approaches to test for differences in facial FA to reveal differences in
patterns of developmental instability (DI) in the face. The four sample sibling study design
employed here allows the estimation of DI caused by trisomy 21 and gene-dosage imbalance
relative to similar and dissimilar euploid backgrounds. Using two different measures of FA,
we found that DS faces exhibit 140-164% more FA than the faces of their biological
siblings and unrelated euploid individuals (i.e., samples 2—4) for the 63 bilateral linear
distances evaluated (Table 1). Importantly, every linear distance exhibiting significantly
different FA between samples displayed a larger magnitude of FA in the DS sample for each
analysis. These results support the hypothesis of amplified DI in the faces of individuals
with trisomy 21.

The outcomes of the two-sample comparisons illustrate that differences in FA between DS
siblings reveal a 2.7-to 6.9-fold increase in the number of significant differences when
compared with a comparison of FA in typical siblings (Fig. 4). Since FA corresponds to DI,
linear distances exhibiting significantly different FA in the DS sample allow us to
characterize the DI of different facial regions. Based on our analysis of DI in non-DS typical
siblings, a comparison of the DI between DS sibling pairs reveals a graded difference in the
effects of trisomy 21 on facial regions defined by developmental precursors (Fig. 4). The
differences in DI enable a characterization of developmental regions of the DS face from the
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most developmentally unstable to the most developmentally stable: mandibular prominence,
maxillary prominences, medial nasal prominence, lateral nasal prominence, and the frontal
prominence (see Table 2). Thus, in cases of trisomy 21, the frontal prominence gives rise to
the most developmentally stable facial region, whereas the mandibular prominence gives
rise to the least developmentally stable facial region.

According to the “amplified developmental instability” (ADI) model put forth by Shapiro
(1975, 1983), trisomy 21 disrupts developmental homeostasis and causes generalized
disturbances to developmental events that result in ADI. We found that DS facial
morphology exhibits increased DI relative to biological siblings and unrelated euploid
siblings, which supports Shapiro's contention that trisomy 21 results in ADI (Shapiro, 1975,
1983). However, our results indicate that facial regions derived from embryonic facial
prominences are affected differentially by gene-dosage imbalance caused by trisomy 21.
This result contradicts the aspect of Shapiro's ADI hypothesis arguing that trisomy causes a
“generalized” disruption to development (Shapiro, 1975, 1983).

Because of differences in age-range, syndromic status, methodology, landmark choice, and
the facial developmental interpretative framework employed here, our results are difficult to
compare to other studies of facial asymmetry. In particular, landmark choice is often
influenced by multiple factors such as repeatability, image type, and image quality. For
example, some soft-tissue landmarks are determined by palpation or by using the underlying
bony anatomy of the skull to determine landmark placement. The 3dMD images capture a
180° surface image of the soft-tissue of the face and oftentimes regions around the forehead
and ears are obscured by hair, thereby limiting the number of anatomical landmarks
collectable from these regions.

Several other morphometric studies have found different types of asymmetry in human faces
using anatomical landmarks, semi-landmarks, and spatially-dense quasilandmarks; however,
the types and locations of asymmetries found are dependent on the craniofacial condition
being investigated and the methodology employed (Hammond et al., 2008; Klingenberg et
al., 2010; Claes et al., 2011, 2012). In a recent study using spatially-dense quasi-landmarks
and healthy controls, researchers found that the middle and lower thirds of the face express
more asymmetry (DA and FA were not studied separately) than the upper face (Claes et al.,
2011). Although the current study focuses on facial FA in an aneuploid population using a
developmental interpretative framework, the facial asymmetry results from Claes et al.
(2011) are comparable to the results presented here for children with DS. However, trisomy
21 likely exaggerates asymmetry differences typically found in the lower and middle thirds
of the face of euploid populations.

Facial development involves a series of highly coordinated spatiotemporal morphogenetic
events that include the correct formation, expansion, and fusion of facial prominences (Jiang
et al., 2006; Brugmann et al., 2006; Feng et al., 2009). Tissues of the craniofacial complex
are primarily derived from pluripotent and transiently migratory cranial neural crest cells,
which originate from the dorsal aspect of the neural tube during embryogenesis (Cordero et
al., 2010). Unique molecular programs are employed in each facial prominence throughout
craniofacial development (Feng et al., 2009). Previous studies using animal models have
identified many important tissue interactions and molecular mechanisms that contribute to
facial morphogenesis, including individual genes and signaling pathways (e.g., Shh, Fgf's,
Bmp's, Wnt's, DIx, Msx, Otx) and signaling centers (e.g., Frontonasal Ectodermal Zone—
FEZ, nasal pit), which all play important roles in the formation of craniofacial phenotypes
(Hu and Helms, 1999; Hu et al., 2003; Helms et al., 2005; Brugmann et al., 2006; Brugmann
et al., 2007; Szabo-Rogers et al., 2008; Hu and Marcucio, 2009a,b; Liu et al., 2010; Young
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et al., 2010). However, we still lack a clear understanding of the gene networks that regulate
face formation (Chai and Maxson, 2006).

Subtle changes to any of the biological processes of craniofacial morphogenesis due to gene
dosage imbalance caused by trisomy 21 could potentially affect developmental stability,
prominence formation, and facial development to produce craniofacial phenotypes
associated with DS. Exactly how gene-dosage imbalance from trisomy 21 alters
developmental stability and facial morphogenesis is unknown; however, there are many
ways that the DS facial phenotype could arise developmentally:

1. Trisomy 21 may affect the spatiotemporal deployment of important genes
expressed in the developing facial primordia through complex regulatory
mechanisms. In particular, growth factors of the Wnt, Bmp, and Fgf families and
their stoichiometric interactions play important roles in shaping the maxillary and
mandibular prominences (Foppiana et al. 2007; Marcucio et al. 2005). Since our
results suggest that the mandibular and maxillary prominences are more affected
than other prominences, it is possible that trisomy 21 alters facial gene expression,
possibly through c¢is- or trans-misregulation caused by gene-dosage imbalance;

2. Trisomy 21 may affect cranial neural crest cells by inhibiting their delamination
and migration from the rhombomeres into pharyngeal arches 1 and 2 or by
interfering with cell type specification and apoptosis. There is evidence from
Ts65Dn DS mouse models that trisomy 21 acts as a neurocristopathogen, resulting
in reduction of mitosis, proliferation, and migration of cranial neural crest cells into
the face during craniofacial morphogenesis (Roper et al., 2009). Deficiencies in
bone formation have been found in DS mouse models, such as lower bone mineral
density for trabecular and cortical bone and lower bone volume fraction and fewer
rod-like trabeculae (Blazek et al., 2010; Parsons et al., 2007), which suggests that
gene-dosage imbalance results in reduced osteoblast and odontoblast activity and
ultimately contributes to the unique facial morphology found in DS. Additionally,
Meckel's cartilage forms from neural crest cells derived from the first pharyngeal
arch and acts as a template around which membrane bone is laid down to form the
mandible (Wyganowska-Swiatkowska and Przystariska, 2011). It is possible that
gene-dosage imbalance impairs morphogenesis of Meckel's cartilage, possibly by
impairing the spatiotemporal migration of neural crest cells and disrupting
conversion of cartilage to bone;

3. Additionally, gene-dosage imbalance caused by trisomy 21 may be changing the
boundaries of developing facial regions, possibly by changing growth rates of
particular prominences (e.g., the mandibular prominence) or by reducing the
amount of time prominences are in contact before fusion occurs. Our results could
support this hypothesis because linear distances exhibiting significant differences in
FA between DS siblings tend to cross boundaries between developmental modules,
rather than being contained within modules (Fig. 4A,B).

This list is by no means exhaustive and our results do not exclude any of the proposed
mechanisms. If similar patterns of DI are found using mouse models for Down syndrome
(Rueda et al., 2012) these mechanisms can be tested in developing organisms. Such an
approach could eventually lead to a better understanding of the effects of gene-dosage
imbalance upon craniofacial morphogenesis and to treatments designed to alleviate health
disparities associated with the face and skull in DS (e.g., reduced facial dimensions,
midfacial hypoplasia, irregular sinus development, abnormal tooth morphogenesis,
malocclusion, etc.).
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The results from this investigation are particularly interesting for anthropologists who study
craniofacial variation. Throughout human evolution, different regions of the craniofacial
complex have changed in shape and size due to genetic and environmental changes,
speciation events, and cultural/behavioral adaptations related to dietary change. Previously,
Shapiro (1975, 1983) argued that the phenotypic characteristics most often perturbed in DS
are the same phenotypic characteristics that are more developmentally labile in euploid
populations. It may be the case that facial primordia giving rise to the mandibular and
maxillary regions of the face are more developmentally plastic than other regions of the
face. On a developmental scale, these results help us understand how trisomy 21 alters the
typical human facial blueprint to produce the characteristic facial appearance associated with
DS. However, on an evolutionary scale these results suggest that the mandibular and
maxillary regions of human faces exhibit more developmental plasticity than other regions
of the face. Considering the range of anatomical variation associated with the mandibular
and maxillary regions of the face across mammals, it is possible that these particular facial
regions are more developmentally labile and capable of responding to the demands of
natural selection.
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Fig. 1.

Types of asymmetry distributions. Asymmetry is characterized by the distribution of
asymmetry values for particular characters in a sample (adapted from Palmer and Strobeck,
1986). Asymmetry is quantified as the signed difference between right and left sides (L-F)
for a hypothetical characteristic of interest. (A) Fluctuating asymmetries deviate from
perfect symmetry and are small and randomly distributed on each side so that the
distribution of L-R values is unimodal and centered at zero. This definition assumes an
underlying ideal form of perfect symmetry (i.e., L—R=0). (B) Directionally asymmetric
measurements are consistently larger on one side than on the other side and the mean value
is non-zero (i.e., L—R2£0). (C) Antisymmetry refers to measurements that are asymmetric but
these measurements can be larger on one side in some individuals and larger on the other
side in different individuals, which causes the distribution of signed differences between the
left and right side to be bimodal.
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Fig. 2.

Four-sample study design. Four samples are depicted: (A) sample 1—individuals with
Down syndrome, (B) sample 2—euploid biological siblings of individuals with Down
syndrome, (C) sample 3—euploid individuals who are age matched to sample 1, and (D)
sample 4—euploid individuals who are age-matched to sample 2 and who have a single
sibling in sample 3. Sample 1 is age-matched to sample 3. Sample 2 is age-matched to
sample 4. This four sample designs allow us to estimate the number of differences in FA
between biological siblings (i.e., samples 1 and 2, and samples 3 and 4) and to subtract away
differences we expect to find between unaffected siblings (estimated from samples 3 and 4)
to determine how trisomy is altering developmental stability in the Down syndrome face.
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Fig. 3.

Soft-tissue facial landmarks. The 3dMDpatient (v4.0) software was used to record the three-
dimensional coordinates of 20 standard landmarks (circles) from each image on two separate
occasions. Eight medial and six bilateral landmarks were used in this study: 1) gonion (g), 2)
nasion (n), 3) pronasale (prn), 4) subnasale (sn), 5) labiale superius (Is), 6) labiale inferius
(1i), 7) sublabiale (SI), 8) pogonion (SPg), 9) endocanthion (en), 10) exocanthion (ex), 11)
alar curvature (ac), 12) subalare (sbal), 13) crista philtra landmark (cpl), and 14) chelion
(ch). Anatomical definitions of landmarks are adapted from Farkas (1991), and landmark
definitions can be found at http://geta-head.psu.edu/. Written consent from the parent or
guardian was acquired to publish facial images.
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Fig. 4.

Linear distances that exhibit significantly different FA between sibling pairs overlain upon
faces divided into developmental precursors. Significantly different linear distances from
EDMA two-sample analyses of FA are depicted as black lines upon faces that have been
divided into developmental facial prominences that give rise to these regions: frontal
prominence (blue), paired mandibular prominences (green), paired lateral nasal prominences
(orange), paired medial nasal prominences (tan), and the mandibular prominence (red).
Based on the difference (L—~) EDMA FA analysis, a total of 35 linear distances (56%)
exhibit significantly different FA between the DS and DS sibling sample (A), whereas only
13 linear distances (21%) exhibit significantly different FA between typical sibling samples
(C). Based on the ratio (Ln (L/R)) EDMA FA analysis, a total of 48 linear distances (76%)
exhibit significantly different FA between the DS and DS sibling sample (B), whereas only
seven linear distances (11%) exhibit significantly different FA between typical sibling
samples (D). Notably, every single linear distance exhibiting significantly different FA
between the DS and DS sibling samples has a larger magnitude of FA in the DS sample for
each of the two bootstrap analyses. Written consent from the parent or guardian was
acquired to publish facial images.
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Table 1
Average amount of facial FA across samples

Fluctuating asymmetry acr oss samples

Sample1(DS) Sample2 (DSsibs) Sample3 (typical sibs) Sample4 (typical sibs)

Difference (L-R) 1.1123 0.7298 0.7232 0.7955
DS% relative increase N/A 152.41% 153.80% 139.82%
Ratio Ln(L/R) 0.0363 0.0221 0.0226 0.0238
DS % relative increase N/A 164.25% 160.62% 152.52%

For each sample the amount of average FA is shown for both the difference (L-~) and ratio (Ln(L/R)) analysis for all 63 bilateral paired linear
distances across the face. The relative increase for the DS sample (i.e., the amount of fluctuating asymmetry in DS divided by the amount of
fluctuating asymmetry of other samples) is also shown.
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