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Sexual dimorphism in one year-olds 2

Recent advances in the field of geometric morphometrics allow for powerful statistical
hypothesis testing for effects of biological and environmental variables on aretsha@pe.
This study used partial leastjuares regression (PLSR) and the recentlgldped
Bootstrapped-Response-Based Imputatimuleling (BRIM) algorithm to test for sexual
dimorphism in the craniofacial shape of one year-old humans. We observed mneuieite
forehead in"boys'relative to girlsnd differences in the nogmnsistent with adult

dimorphism. Results also suggest that the degree to Wwidshiduals expres dimorphic

traits is continuous throughout the population. This is also seen in adult dimorphism, but in
one-year olds the amount of overlap, between graupsich higher, indicating the strength

of dimorphism'between sexes is low@ur results demonstrate early sexual dimorphism that
is not attribwtable to the influx of sex hormones at puberty. This highlights the need to look
very early ontogeny for the origins of sexual dimorphism. We suggest future work look at
potential mediating effects of this early dimorphism on the later impact of pubertguibtie
shape differences we have detected, may also be applied to the sexing fossiliseA crania.
common artefact in 3D images of faces of young children is that they often havedutism
open to varying.degrees, introducing variability in the data unrelated to anat@my.
describegtwesRESH®ased methods abrrecting thisThese methods may facilitate suwgic

planning and.assessment of young children, based on 3D images.

Keywordsi-eraniofacial, sexual dimorphism, morphometrics, partial$epstres regression,

pose, infants

Spatially:dense morphometrics of craniofacial sexual dimorphism in oneoyesr-

Sexual dimorphism refers to the characteristic morphological differences between males and
females. Sexual dimorphism of faces has been confirmed in adults (Tanikalya2613,

Claes etal., 2011, Claes et al., 2014, Hennessy et al., 2805ninskéet al., 2012). The
developmentali®evolutionary and biological bases for sexual dimorphism is of considerable
interest to anthropologists and biologists. It is widely supposed dimorphicemagige only

with the onset of puberty, where increased testoséetriggers a masculinisation of males’

faces(Enlow and Hans, 1996, Verdonck et al., 1999). There is evidence for independent
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Sexual dimorphism in one year-olds 3

effects of both adult hormone levels and those experienced in utero, on adult facial shape
(Fink et al., 2005, Schaefer et al., 2005, Pentoak and Chen, 2004)t has been proposed

that uterine hormone levels organise the underlying ‘architecture’ of the face, which is then
activatedsaispubertfNeave et al., 20035uch early differences in facial architecture should

be detectale veny early in life, if sufficiently sensitive methods are employédthough
dimorphism®in“the"size of the neurocranium has been demonstrated in infants and in uter
(Joffe et al., 2005, Bulygina et al., 2006) the presence of adult patterns of ghapghim

has, to the hest of our knowledge, only been demonstrated in adolescents, down to
approximately age eleven (Koudelova et al., 2015, Ferrario et al., 2003, Bulygina et al.,
2006).

Many previous studie®f sexual dimorphism have employeohivariate comparisons of
selected intefandmark measurements (Tanikawa et al., 2015, Kondo et al., 1999, Joffe et al.,
2005). Hawever, any fewer than all pairwise distances between all pairs of landmarks, fail to
capture the full, spatial arrangement and geonatrielationships between landmarks
(Dryden and Mardia, 1998eometric morphometrigdams et al., 2004, Mitteroecker and
Gunz, 2009;=Rehlf and Marcus, 1993), comprises techniques for the analysis of entire
landmark configurations. These capture the spatial arrangement between all landmarks by
using landmark=locations themselves as thed&mental unit of analysis. Previous such
studies of children have derived conclusions from visual inspections of the difference
between average male and female configurations (Ferrario et al., 2003, Bulygin2@a&l

and not from “statistical hypotkis testing. They have also used a relatively limited
representation of the surface defined by anatomical (and some ms®atdmical)
landmarks. This precludes analysis of the surface where these are not priesdégtihey

have not gontrolled for theffect of allometry. Within morphometrics, allometry refers to
shape changes,that accompany changes ir(lSimgenberg, 1996)Males’ heads are larger

than females’_heads, meaning that a general allometric effect may confound the true pattern

of shape diegences attributable to s@Rosas and Bastir, 2002).

Surface registration algorithms (Hutton et al.,, 2003a, Claes et al., 2012b, Claes, 2007,
Andresen and Nielsen, 2001), allow the automatic mapping of spatailse configurations
of landmarks from a template shape to every instance in a population. In coambimki

geometric morphometric techniques, this defiapatially-dense morphometrioshich can
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Sexual dimorphism in one year-olds 4

be used t@nalyse the entire geometry of the surface under gCidgs et al., 2011, Claes et

al., 2012c, Claes et al., 2012b, Claes et al., 2014, Claes et al., 2012a, Claes, 2007, Hutton et

al., 2003b, Hutton et al., 2003a, Hutton et al., 2001, Hammond et al., 2004, Hammond, 2007,
Cox-Brinkman-et al., 2007, Andresen et al., 2000, Hennessy et ah).200

Here we usespartial leastjuares regression (PLSR; Wold et al., 2001, De Jong, 1993),
coupled with a permutatiebased framework for significance testing (Kennedy, 1995,
Anderson and Legendre, 1999, p. 278) to test for sexual dimorphism in orsdybays and
girls, improving /on earlier comparisons of average shapes. We analysed thg ehtihet
craniofacial,complex, whereas previous studies of thisgagep have only analysed the face
and the anterior neurocranium (Bulygina et al., 2006), ingle measure of head
circumference (Joffe et al., 2005). We also use the Bootstrapped Rebpsademputation
Modeling (BRIM; Claes et al., 2014)) algorithm to test for sexual dimorphism and determine
if dimorphic traits are distributed continuouslytive populationand the degree of overlap in
morphology of males and female&xtensions of PLSR were used to correct a problem
observed in the 'sample, of variable mouth openness due to limigakcation of the young
children:

Method

Sample

To test forfsexual dimorphism in an homogenous one year-old populdBanfantswere

imaged at the'age of onkl£363.47,SD=8.83 days old). One child’s sex was not recorded,

and was excluded from the analyses of sexual dimorphism, although they were included in
the sample used to assess the mouth closing techniques. The final sample with known sex
contained 248,boys and 224 girls. These were a subsample of the Asking Questions about
Alcohol (AQUA; Muggli et al., 2014) cohort. The mothers were a cross-section of idskow-
pregnancy pepulation recruited during their first visit to an aated clinic. Data about

lifestyle andybiological factors that may affect craniofacial shape were collected, with a focus
on maternal alcohol consumption. Analyses were condtctdetermine if the effect of sex
reported here was independent of these factors (see supplementary material, section 2). In all
included cases parent reported ethnicity was either “white” or of Europeantext.
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Sexual dimorphism in one year-olds 5

Image acquisition and prprocessing

The outer surface of the facial stifsue was encoded as a thd@mensional imagdn a 3D

image, faces.are represented as a “mesh”. This comprises a cloud of points (vertices) in three

dimensions/and,a triangulation of neighbouring vertices that defiresuter surface of the

face.

Images werercollected at the Royal Children’s Hospital, Melbourne, Australia using the
3dMD 7-pod system (3dMD corporation Atlanta GA). This captures a fuft B68ge of the
head including.the face and cranium. Images waken with a tighfitting stocking placed
over the cranialivault, so as to capture its shape, unobscured by hair, which we \yeBss

tightly againstthe scalp.

In order tofestablish anatomical correspondence across the sample of spatiaky-dense
configurations of quadandmarks were automatically indicated onto each 3D image via a
non-rigid registration (see Snyders et al., 2014 for technical details, sseeCéde 2012b for
a non-technical descrption)his is essentially a spatialense, automatic extension of the
process of magually indicating anatomical landmarks onto a subject or speQunes:.
landmarks are defined as the vertices of a template mesh (e.g. an averagar aieé face)
Each point may or may not have a well-defined biological meaning (hence quasi-) but

together they provide a representation of the entire surface.

Although dffering patterns of asymmetry in males and females may be of interest (Claes et
al., 2012c)githis work we concentrate on the symmetric component of shape variation.
Asymmetry'wasremoved by superimposing a reflected obflye faceonto the original and

taking the'mean of the two faces as a symmetrical version of that face (Claes et al., 2011).
Generalised Procrustes Analy$(SPA)

In order to iS6late differences in the scans due to anatomical variability, from those
differences due to the locationfaion and size of the images, all scans weraligmed to
the sample mean via Generalised Procrustes Analysis (GPA; Gower, GBFbiteratively

estimates the mean (tReocrustes megrconfiguration of the sample, to which all faces are

This article is protected by copyright. All rights reserved
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Sexual dimorphism in one year-olds 6

subsequently aligned. Standard GPA is sensitive to gross, localised form dédfeseich as

the “Pinocchio” effect (Zelditch et al., 2004), and so robust Procrustes superiorpasis

used (Claes et al., 2012a). To remove differentseie, all faces were scaled teetmean

size of all-faces:in the sample. Although it is more usual to scale all faces to unit centroid size
(see below), thesmean size of the sample was used to keep the regression coeffioients

units, as the'magnitude of shape differences may betefest to cliniciandt was

empirically, verified that this had no effect on the statistical inferences drawn here (data not

shown). As a measure of size we use centroid size:

whered; is the distance of theg,iquasi-landmark from the centroid (mean) of the landmark

configuration.

The ceordinates of the Procrustes mean configuration were subtracted from each face to
define theProerustes residuald’he Procrustes residuals of the entire sanipledn be
represented.as.a matrix:

Loy, 1, o 11,1

Y1’ 7z Vi’ ~Zk

P =
jxl'jyl'jzl jxk'jyijzk

the elements d? code the deviation of each point from the Procrustes mean configuration.
Each row eontains thequasi-landmarks which together define thepghaf a particular face.
There arg number of faces. The geometric interpretation of this matrix is as aghoirtt in

k x 3 dimepsional space, with the Procrustes mean at the centre. Each face is a single point

within this_space.
Partial leastsquares regressiofiPLSR)

PLSR was used to characterise the effects of sex and size onPbhSRewas accomplished
by the SIMPLSmethod (De Jong, 1993). PLSR models the association between one or more

predictor variables and one or more response variables. In this case the matrix of Procrustes

This article is protected by copyright. All rights reserved
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Sexual dimorphism in one year-olds 7

residuals (defining facial shape) constituted the matrix of response variatulesists
residuals are highly correlated, and there are more Procrustes residualssbavations in
our sample. In such situations PLSR is preferable to ordinarydgaates regressigivold
et al., 1984w=Shiimpton et al., 2014).

Geometrically"PLESRiefinesthe vector through the poicteud that best captures the

covariance between predictor/s (e.g. sex) and facial shbpe=ffects of sex and centroid

size on shape were separated, by including both as predictors in the regression n®del. Thi
forces each gression path to model different variability, thus isolating their independent

effects on gshape. The vector of elementwise products of size and shape was also included as a

predictor to"model the interaction between the two variables.

The permutation based significance testing protocol described in Claes et a) (2@l dsed
to determine the significance, both of the overall effeetaah variablen facial morphology
and of the effectron each individual quesidmark. All signifiance tests were based on
1000 permutations.

Bootstrappedsresponse-based imputaticodeling(BRIM)

The algorithm BRIM (Claes et al., 2014) was also used to characterise the effects of sex on
shape, and to determine if dimorphic features are distributed continuously in the population.
The core principle in BRIM, with reference to the current problem, is that the datego

“Male” and “Female” are imprecise; it is likely that they do not capture the full range of
maleness/femaleness. Some people have very masculine or feminine faces, and some appear
more androgynous. BRIM iteratively extracts the regression vector (usirig) P& best
characterises.the effect of the predictor on the response variables and derives a RIP
(Responseé=based Imputed Predictorygdbr each face, which indicates that face’s position
along this regression vector. Thus, the dichotomous variable (male/fentadasi®rmed

into a continuous variable that represents each face’s mascédimiginity. The algorithm
consists of twasnested loops, which are described in supplementary materiah (eand
elsewhere (Claes et al., 2014)is imputation can be ‘conditioned’ by including other

variables in the model. We conditioned this analysis with centroid size and the interaction

This article is protected by copyright. All rights reserved
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Sexual dimorphism in one year-olds 8

term (described earlier), to ensure the regression path and RIPs were indepetites# of

effects.

The hypethesis-test for BRIM an ANOVA test of mean difference in the RIP variables,
with sex as the independent variable. This tests for a difference in the grospisin along

the regression‘vector. Significance is determined using an empirically estimated F
distribution (seesupplementary material section 1). The regression vector extracted can be
visualised by regressing Procrustes residuals onto shape and using the methods of

visualisation described below.

Correctionsefs-mouth openness

Non-anatomiealvariation in the imagetue to mouth openngssas removed by defining a
variable to-represent the degree of mouth openness for each face. As a preliminary step all
faces were rated by the first author (HM) otoatinuousscale from Ghrough to3,

indicating how open the mdutvas.

Partial leassquares regression defines the direction in the qobonid that captures the

covariance between the variable and the shape. When more than one variable is included as a
predictor it.defines a direction for each variable. Each direction will begonal to each

other and thus statistically independent; two regression vectors cannot doctlatsame
variability.\Including a variable that will account for the irrelevant variability, such as ratings

of mouth openness, is one methddemmoving the irrelevant variability. It follows that the
residuals.ofithe.model with mouth openness as a predictor constitute corresieasveir

each face. This‘corrected face could be explicitly constructed by adding itpoodies)

residuals to ta Procrustes mean configuration (which was subtracted during GPA).

A limitation“of the above method is that the accuracy of the correction of an inditadaas
determined entirely by the rating it was initially given and the overall consystdrihe

ratings across the sample. The accuracy of the correction can be controlled bygadiowi
operator to manually adjust the degree of the correction. The regression coefficients, are a
vector of weights on each Procrustes residuals (the veatas bélow) These weights

This article is protected by copyright. All rights reserved
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Sexual dimorphism in one year-olds 9

constitute a transformation that can be applied to the face, to manually open dneclose t
mouth. The degree to which the mouth is opened or closed is determined by atljustileg
observing its effect on the facial image. Specificaltygasformed version of a particular face
is calculated:by:

Fal [fa]  mes
fl}’l fJ’1 my1
f’zl le mZ1
Pol=1 0 1 4tx]|
f,xk ka mxk
f:yk fYk ZZR
ol Ul e

where theveetor dk contains the original landmark locations of the face faisdhe
corrected locations. A primitive graphical user interface was built which enabled the
operator (HM)to interactively adjustusing a slider, while visualising the resuttaias

adjusted until the mouth was judged closed and then the carie@ge was saved.

Visualisingrregression effects.

The effects of variables on face shape can be illustrated fassegcolourmaps. These are
the Procrustes mean shape colioalexed according to some value of interest. Regression
coefficients define aet of weights on each quasi-landmark. Together they define how much

and the direetion in which the landmark is displaced per unit of the predictor. Imagine a

arrow at.each.landmark. The values of interest represented in the heat maps are: the “Effect”

(magnitude)iirerthe length of the arrow at each point, or the magnitude of theretfext i
lateral, vertical and depth direction; the proportion of the variance at eacHandrsark
explained (partial B by the predictorand the significance of the effect at each quasi

landmarks:

Another way to visualise the effect is to apply the transformation to the Procrustes mean face

as described above for correcting the scans of individual faces, to creatpheor shape

transformation It is most sensible toonstruct morphs within the actual range of the

This article is protected by copyright. All rights reserved
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Sexual dimorphism in one year-olds 10

predictor, but extrapolating beyond this can help to elucidate a small effect, évessuits

in morphs that are anatomically implausible.

Results

Mouth Corréction

Figure I'displays false-colour maps of the regression of Procrustes residual®otito m
opennessrFigureilustrates the estimated transformation with morphs constructed within
the actual’range of mouth openness ratings (t=0, t=3) and extrapolated beyo3d tit-@)=-

The estimated.transfmation is a good approximation of the action of opening or closing the

mouth. The variability present in the sample before and after each correction was investigated

using Principal"'Components Analysis (see supplementary material secti@sgItsR
indicated that'the variability due to variation in mouth openness was removed by both

corrections.

The sexual dimarphism analysis was performed on data corrected using each method of
mouth correction and without any correction (see supplementary material sectido 4)
difference was,observed in the outcome of the analysis between the methods. In particular
there was'no difference in the dimorphism in the lower face where the mouth opeauleiss w
have been expected to have more effect. For simplicity the analyses on the watorrect

sample are.reported below.
Sexual Dimorphism of Size and Shape

The global:(eentroid) size of malg$/1=21120.70SD=501.16)heads were significantly
larger than femalegM=20624.26 SD=479.08)heads F=119.90, p<.001,7°=.203), see
Figure 3.

[InsertFigure3 about here]
There was no interaction between the effects of size and gtvagdq) indicating that the
effects of sex and size on shape can be considered indepenQwetigll the effecof sex

was significantgartial R = .008,p=.002). The strongest difference in the facial appearance

This article is protected by copyright. All rights reserved
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Sexual dimorphism in one year-olds 11

is around the forehead, where sex accounts for up to 4% of the total variance, butthere a
also differences in the vault shape (Begure 4 and Figure)5The forehead in females

protrudes by approximately 1 mm relative to males, and as a consequence tinentalso-

angle is moresacute. The nose is narrower and smaller in females than infFeahase

cheeks are' more prominent in the area lateral to the nasolabial crease. The effect around the
ears indicates'thatfemales’ lower earlobes tend to point inwards whereas the males’ earlobes

point more outwards.

The effectiof sizé was also significant (partid=R008, p<.001). The effect is concentrated

in the nasalirg@ion and on the upper lip and consists primarily of a superior and anterior
displacementsof these landmarks as centroid size increases. The upper portion of the ears
appear to point'@ut more in larger children. Not surprisingly, faces thizrges, also appear

to have greater general fat depositised Figurel andFigure6).

[InsertFigure 4andFigure5 about here]

BRIM

Thedistribution,-and means of RIP values are shown in Figared#he extracted regression
vector is showniin Figure &he emalegM=1.51,SD=0.09)tend to have higher RIP values
than malesNi=1:43,SD=0.09;F=72.03,p<.001,7°=.133. This indicates that males and
females differ in their mean position along the extracted regression jggter tialues
correspondtancreased femininity of the face. There is also overlap between the male and
female groups. This indicates that there is a continuum of mascdéniipinity in one year-
olds. Similar‘effectsto those observed in the PLSR analyare evident around thoeanial

vault andnose The effect on the eatisappeared, the effect on the cheeks is reduced.

[InsertFigure6, Figure 7 and Figure 8 about here]

In order to pr@vide a more comprehensive picture of the overlap between males aed,femal
we plottedeentroid size against RIP scor&sgure9). This represents the difference between
the groups in a size-argape space, where the multivariate shape is compressed into a
single dimension.

[InsertFigure9 abouthere]

This article is protected by copyright. All rights reserved
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Sexual dimorphism in one year-olds 12

Discussion
This study investigated sexual dimorphism in the craniofacial morphology of aessampl
oneyear old humans. We used partial lesgtiares regression and BRIM, coupled with a
spatiallydense-representation of the stissue anatomy, to test for statistically significant
differenceg in the shape of the entire craniofacial comjlexalso included centroid size in

the regressionfallowing us to separate the effects of size and sex on shape.

We observed that global size of the face and cranial vault was larger in males than females.
Partial leassquares regression showed an effect otlsexshape of the forehead, with the

girls’ foreheads protruding more forwards than the bdysimales’ noses were also smaller

and narrower than males. This effect onfrehead and nose may signal a relatively smaller
basicranium in females. A smaller basicranium could make both the forehead relatively more
bulbous as well as narrowing the maxilla and nasal passEugre was also an effect on the
cheeks, passibly corresponding to greater fat deposition on the cheeks in gmdstihgy

also the lower edobes of girls have a tendency to point inwards more than those of boys.

BRIM extracted.a similar, though not identical vector of sexual dimorphism in the sample,
identifying the differences in the forehead amdeas those that best differentiated the
groups.'Arrecession of the forehead in males, relative to females is a classic dimorphic
feature, which has been identified consistently in adults (Hennessy2804,,Claes et al.,

2014 Rosaswand Bastir, 200d)he presence of this trait has been previously only been
documented in adolescents as young as 11 (Ferrario et al., 2003) and 12 (Koudelové et al.,
2015). In adults the forehead slopes backwards in batbsnand females, but is more
recessed for males. In one yedds the forehead generally protrudes forwards in both sexes,
but is relatively less protruding in males. To the best of our knowledge this issthe oty

to document.shape dimorphism in this adult direction in such a young sample. Curiously
Bulygina et al. (2006), in a longitudinal study of lateral radiographs, observed the opposite
dimorphism.insyounger children (0.5 through to 8 years), that is the male forehead protruded
more thanthe feale, with the trend reverting into the clearly adult pattern at puberty (their
Figure 7). Their sample size was very small (14 for each sex) and did not applgangpefi

tests to their analysis of shape, and so sampling error in that study may exgtiiffetient

results.

This article is protected by copyright. All rights reserved
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Sexual dimorphism in one year-olds 13

The differences in the shape of the nose is also quite consistent with differences observed in
adult softtissue studiefClaes et al., 2014, Hennessy et al., 2005). Koudelova et al. (2015)
observed differences in the nose emerging at 14 years (their Figure 2), but notSasher
differencesswese not investigated by Bulygin@606) study of hard tissue landmarks and

were not gbbservied by Ferrario (2003), possibly due to the sparse landmark configurations

used to representithe shayjehe face.

The distributions for RIP values of each sex overlap in adults (Claes et al., 2014igiver F

4B) as we have reported here for one ya@ds. This indicates that the features identified are
distributed_eontinuously within each sample i.e. there is a continuum of
masculinity/femininity in facial shape within one yedds, as there is in adults. The

distributions for'one year-olds overlap much more than in adults, suggesting that more one
yearolds than adults occupy an androgynous middle region of the continuum. Comparison of
the distributions of RIP values of sex for different ages may add an interesting new

dimension to the, study of the ontogeny of sexual dimorphism.

The observed effect of sex was independent of the effect of size on shape. There was also a
significant effeet,of size, allometry, which was independent of the effect of sex. Our
allometri€eiffeetsconsisted primarily of anterior and posterior displacement of the landmarks

around the nose and upper lip as centroid size increases. Furthermore the umpeoitbei

ears point,out:and there appears to be greater general fat deposition as centroid size increases.

No strong glaims can be made regarding whether this effect is consistent with adults, as the
effects are'onwregi@with deep softissue. The only similar analyses of adults have been
performed on skulls (Rosas and Bastir, 2002have not separated the effects of allometry

and sex making comparison of these findings difficult.

It is generally assumed that an increase in testosterone around puberty triggers a
masculinisationgf male faces, leading to dimorphism between the(&new and Hans,
1996, Verdonck et al., 1999} is wellestablished that serum testosterone isedlad facial
masculinity in adult§Penton-Voak and Chen, 2004, Schaefer et al., 2005). Our results
demonstrate that some dimorphic traits are present in a subtler form at co&ly&arg

prior to this pubertal increase in serum testosterone. Thisepagsent the effect of the sex

hormone levels in the uterine environment on the early configuration of the face,
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Sexual dimorphism in one year-olds 14

hypothesised by Neave (2003he difference may also be attributable to inherited sex

linked facial characteristics, and not directly to uterine hormone levels. In either case these
differences should be present in newborns. Future work should make use of the powerful
methodssgmpleyed here to also test for shape differences in newborns, and explicitly

investigat@ct of the uterine homaaenvironment.

This work ies an early sexual dimorphism that is not attributatie ioflux of sex
hormones erty. It may be of interest in future to investigate the relgitresiveen

this early dimorphism and the later impact of puberty. For example, how dimorphicia face
prior to pumay or may not mediate the magnitude or direction of the changesctirat

at puberty ces that are already masculine may experience a more profound

masculini@t puberty).

Different ﬁe!opmental mechanisms may lead to sexual dimorp(drea, 1986). Studies
of hominids, Inc :;lding humans, support the notion that adult sexual dimorphism is dugar

to ontogenet aling (that is that adult females resemble more juvenile malespartd in

due to di e in growth trajector{&haefer et al., 2004, Cobb and O'Higgins, 2007,
O'Higgins a llard, 2002). The ontogenetic scaling component of adult sexual
dimorp be explained by differences in the time taken to mature, vgth ma

continuing to grow along the same trajectory for a longer time, or by differences atelo r
maturatioMmales progressing faster along a common growth trajectory, rfolaa si

length of tmea (1988rms these mechanisms time and hgggermorphosis,

respective possible that different mechanisms operate differently at different times in
ontogeny.(For example Cobb and O’Higgins (2007) argued that, in apes, sexual dimorphism

prior to puberty was a product of ontogenetic scaling, but subsequent sexual dimorphism was

produced Dy a deviation of male and female growth trajectories. Within our sanaple of
single juveEtogenetic stage, it is not possible to determine the develapment
mechanism produced the dimorphism, but it does demonstrate the need for future work
to look rly in ontogeny, to develop a full understanding of the development of

dimorphic characteristics.

In anthropology a common problem is determining the sex of fossilised crania (Franklin et
al., 2005, Deshmukh and Devershi, 2006, Abdel Fatah et al.,.2lHig)is particularly
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difficult for pre-adolescent remair{olleson et al., 1998)Y0ur results demonstrate that there
are shape differences in the crania that distinguish the sexes very early in ontogeny. Shape
may be more useful than size for sexing juveniles where the age, and therefore expected size

of the craniasissdnknown.

Cranid sexinguiSsisually achieved using either a univariate or multivariate ajpprbae

univariate approach treats a particular trait (e.g. bizygomatic breadth) as a binary classifier.
That is, an‘appropriate threshold is determined, and observations adeagesconsidered

male and those on the other are considered female. A multivariate approach defines a
discriminant fumactiorinto which values on multiple traits can be used to determine the sex of
an observaiiongsee Deshmukh and Devershi, 2006 for a comparison of the two approaches).
The formeris limited in that any particular trait is unlikely to serve as an optimal classifier.
The latter 1s'limited in that a decision must be made regarding which traits are important and
which areinot. Furthermore, the common method of linear discriminaction analysis is
sensitive to the aumber of traits included in the model and collinearity betvagenAr

PLSRbased approach may, therefore, be desirable.

A PLS regressien vector through shapace constitutes single dimension that captures the
variabilitfinaliktiaits (landmarks) that is most strongly associated with the predictor (sex).
RIPs, being projections onto this vector, can be interpreted as a univariateessiorof

this multivasiatesvariabity. We suggest that RIPs can be used as a univariate binary
classifier, keeping the simplicity of the univariate approach, whilst capturing the important
multivariaté®sh@pe information. We report classification accuracy using RIPs and describe a
method ofguilding and assessing a classification model in supplementary material (section
5). On the current data the model performs above chance. We suggest that futusmnwork c
investigate this issue more thoroughly using 3D hesslie representations derivedrfr 3D
images of skeletons, or CT of living subjects, and examine classification accuracy on

juveniles of different ages.

This sample was collected as part of a larger study on the effects of alcohol intake during
pregnancy (Muggli et al., 2014). This study recruited mothers during normatisow-
pregnancy to monitor the effects of typical levels of alcohol intake on a range aihestco

including face shape. As such the sample represents a typicateobies of one yeawtds
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and the effect of alcohol consumption was expected to be unrelated to the effect of sex. To
confirm this, the analysis was repeated on a subsample of mothers who did not drink at all
while pregnant (see supplementary material). The effect on the forehead was present,
althoughsthe#ects on other regions were not statistically significainis ismost likely due

to the substantially reduced sample size and statistical power in that analysis. We cannot
exclude the'possibility that the effects on other regions are specific to matieedsank

some alcohol during pregnancy.

Instantaneous image capture by 3D stgrleotogrammetry reduces the requirement for
prolonged co-oeperation that often hampers the collection of anthropometric meassiiement
children, sueh as those used in the planning and assessment of craniofacial surgery. Eve
with this a residual problem remains in images of young children that a neutahpfase is
difficult to ensure. This can greatly affect the accuracy of such measurements (Hermann et
al., 2016). Stereo-photogrammetry, coupled with a mouth-correction protocol may therefore

greatly facilitate the collection of such measurements on this otledificult population.

We suggest correcting mouth openness by including it as a covariate in a PLSR model, or
using PLSR tordefine a transformation that can be applied manually to the face. dmspiecti
the residual.variability after treating the data with either approach (supplementary material
section 3), suggests that both successfully remove the variability due to mouth opemtess
both are probably quite adequate for a PLSR based analysis. For applications &here th
accuracy of the'correction at the level of an individual is important, suchras@arnetry

for surgical‘planning, manual correction is likpheferable.

To the best of our knowledge, this is the first study to demonstrate the presenaebf se
dimorphism, consistent with adult patterns, in a sample of one yeaté¢tdguantify a
sexual dimorphism that is not attributable to the influx of sex-hormones at pubertynayhis
represent the effect of uterine hormone levels or inheritetirdeed facial characteristics.
We highlight the need to look very early in ontogeny for the beginnings of sexual
dimorphism and'suggest future studies investigatential mediating effects of early
dimorphism on the impact of puberty. Furthermore, the study illustrates the power of
spatially dense morphometrics to detect subtle differences in the shape of anatomical

structures, which may be applied to the peoblof sexing fossilised craniaVe also
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illustrate the application of PLSRased techniques to correcting non-standard pose in 3D

imageswhich may facilitate surgical planning and assessment from 3D images of this age

group.
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Figure Legends

Figure 1. The regression of Procrustes residuals onto ratings of mouth opefheses the effect magnitude
(effect) and the effect decomposed into the lateral, verticatlapth directions. In “lateral”, red indicates
(viewers)right-directed displacement, blue indicates-ifected displacement. In “vertical” red indicates
superior displaéement; blue indicates inferior displacement. Iptheblue indicates posterior displacement
and red indicates anterior displacement. The units of the cdlars for these images are mm. Partidl R
indicates theramount of variability in the location of each qiesiimark that is explained by mouth openness.

p<.05 indicates thelareas where partidl Was significant.

Figure 2 The transformation estimated by the regression onto mouth opeatiags.rMorphs were
constructed by varying the value of t. 0 and 3 represent the lofithe variation that is actually present in the

population.-3"and"6 are exaggeratisrof the effect.

Figure 3 Sex differences in head size. Shows the distributionsafteftneans (right) of head centroid size of

males and females. Error bars indicate the standard error ofrtban.

Figure 4 [The.regression of Procrustes residuals onto sex and cestegidincluding an interaction in the
model. Shows the overall magnitude of the predicted vertex displatsefiaéfect) and the magnitude of the
predicted displacemésin the lateral, vertical and depth directions, from malegtodles. They are colour
indexed to mm displacement, per unit of the predictor.. The propafticariance that the predictor variable
predicts at each individual vertex is shown in Rar? and the significance of the effect on each landmark

(yellow regions are significant at alpha = .05).

Figure 5 Effect of sex on face shape. The centre two columns shbypitteg male (t=1) and typical female
(t=2) faces predicted by the model. The outer columns show thekiffcbetween these two typical faces
magnified 5 times (t4, t=7).

Figure 6 Effect of head centroid size on head shape. This shows the face predicteceyetsstan modelith centroid

size equal to +/6 standard deviations
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Figure 7Imputed masculinitfemininity. This shows the distribution (left) andan (right) of the RIP values

for males and females. Error bars indicate the standard errthefmean.

Figure 8Regression of Procrustes residuals onto RIP variables. Thissst@wegression path best

characterising the difference between males and lgsvestimated by the BRIM algorithm.

Figure 9 RIP sceressand centroid size for males and females. 95% confidence ellipseg$ofsoial line) and females

(dotted line) are’als@yshown.
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