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Abstract

The effects of sex on human facial morphology have been widely documented.
Because sexual dimorphism is relevant to a variety of scientific and applied disciplines,
it is imperative to have a complete and accurate account of how and where male and
female faces differ. We apply a comprehensive facial phenotyping strategy to a large
set of existing 3D facial surface images. We investigate facial sexual dimorphism in
terms of size, shape, and shape variance. We also assess the ability to correctly assign
sex based on shape, both for the whole face and for subregions. We applied a prede-
fined data-driven segmentation to partition the 3D facial surfaces of 2446 adults into
63 hierarchically linked regions, ranging from global (whole face) to highly localized
subparts. Each facial region was then analyzed with spatially dense geometric mor-
phometrics. To describe the major modes of shape variation, principal components
analysis was applied to the Procrustes aligned 3D points comprising each of the 63
facial regions. Both nonparametric and permutation-based statistics were then used
to quantify the facial size and shape differences and visualizations were generated.
Males were significantly larger than females for all 63 facial regions. Statistically sig-
nificant sex differences in shape were also seen in all regions and the effects tended
to be more pronounced for the upper lip and forehead, with more subtle changes

emerging as the facial regions became more granular. Males also showed greater
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1 | INTRODUCTION

Sex differences in human facial soft-tissue morphology have been
reported in multiple studies (Borman et al., 1999; Evison et al., 2010;
Farkas et al., 2004; Ferrario et al., 1993, 1994, 1999; Hennessy
et al., 2002; Kau et al.,, 2006; Kesterke et al., 2016; Koudelova
et al., 2015; Sforza, Grandi, Binelli, et al., 2010; Sforza, Grandi, De
Menezes, et al., 2010; Toma et al., 2008; Veleminska et al., 2012)
and are estimated to account for approximately 13% of among-
individual variation in facial shape (Claes et al., 2014). Although most
pronounced after puberty, the effects of biological sex on facial sur-
face features are already present in early postnatal life (Matthews
et al., 2016). Documenting facial sex differences across the lifes-
pan is relevant to clinical genetics and dysmorphology (Hammond
& Suttie, 2012; Matthews et al., 2021), ecological and evolutionary
studies (Kleisner et al., 2021), psychology and cognitive science
(Summersby et al., 2022), forensics (Franklin et al., 2013; Shrimpton
et al., 2014), orthodontics (Dean et al., 2000; Ursi et al., 1993), and
craniofacial reconstructive surgery (Bannister et al., 2022), among
others. Thus, it isimportant to have a complete and accurate account
of the effects of sex on facial appearance.

From prior studies analyzing 3D facial surfaces, the consensus is
that mature male faces are larger on average compared with female
faces and tend to exhibit a general pattern of increased midfacial,
supraorbital, and chin prominence coupled with relative retrusion
of the orbital region, cheek/malar region, and forehead. These stud-
ies employ both traditional landmark-based approaches (Kesterke
et al., 2016; Liu et al., 2014; Tanikawa et al., 2016) and newer spa-
tially dense geometric morphometric approaches (Claes, Walters,
Shriver, et al.,, 2012; Ekrami et al., 2021; Hennessy et al., 2005;
Matthews, Penington, Hardiman, et al., 2018; Mydlova et al., 2015;
Shrimpton et al., 2014), where the surface is represented by densely
sampled “quasi-landmarks.” Methods using sparse landmarks are
well established but provide limited information about facial form
due to an inability to cover broad, feature-deficient regions like the
cheeks and forehead. Quasi- and to a lesser extent semi-landmark
methods can overcome this limitation by incorporating many more
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levels of shape variance, with the largest effect observed for the central forehead.
Classification accuracy was highest for the full face (97%), while most facial regions
showed an accuracy of 75% or greater. In summary, sex differences in both size and
shape were present across every part of the face. By breaking the face into subparts,
some shape differences emerged that were not apparent when analyzing the face as
a whole. The increase in facial shape variance suggests possible evolutionary origins
and may offer insights for understanding congenital facial malformations. Our clas-
sification results indicate that a high degree of accuracy is possible with only parts of

the face, which may have implications for biometrics applications.

3D surface imaging, facial shape, geometric morphometrics, sexual dimorphism

data points from across the entire facial surface. However, with
these approaches, localized shape effects can sometimes be diffi-
cult to detect especially when they explain only a small portion of
the overall variation. Further, geometric morphometric methods
employing Procrustes superimposition are limited, as the superim-
position of landmark configurations is a globally optimal fitting of
one configuration onto another or onto a consensus configuration.
As such, observed shape differences in a local region (e.g., the nasal
tip) are not independent of the rest of the face, making statistical
inferences about localized shape differences difficult. As a result,
questions remain about which parts of the face are most and least
influenced by sex.

It has been reported that human faces are both more variable
and less intercorrelated than other parts of the body (Sheehan &
Nachman, 2014), which suggests that treating the face as a singu-
lar structure in morphometric studies may not be ideal. In 2018,
we introduced an innovative extension of spatially dense geo-
metric morphometrics involving the segmentation of 3D facial
surfaces into 63 regions or modules based on patterns of multivar-
iate correlation among the ~8000 aligned quasi-landmarks (Claes
et al., 2018). The segmentation is data driven (not defined a priori)
and works by exploiting the natural covariance present in morpho-
logically integrated structures like the face. Further, the segmenta-
tion is hierarchically linked in a global-to-local pattern. This allows
statistical analysis and inference to be conducted simultaneously at
the level of global facial variation as well as on increasing localized
regions. By effectively breaking the facial surface into discrete yet
interlinked regions and then conducting spatially dense geometric
morphometric analysis on each region separately, patterns of lo-
calized shape change become easier to detect statistically. In the
context of facial dimorphism, this approach may reveal subtle sex
effects missed by earlier studies.

In the present report, we will apply spatially dense modular facial
phenotyping to test several hypotheses relevant to the impact of
biological sex on human faces. We investigate whether male faces
differ from female faces in terms of both size and shape. We will also
investigate the effect of sex on shape variance explicitly, based on
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conflicting reports that male faces show greater levels of variation
than female faces (Kleisner et al., 2013, 2021; Milella et al., 2021).
Finally, we assess the practical ability to correctly assign sex based
on 3D facial shapes. Importantly, for each of these analyses, we look
not just at the face as a monolithic structure, but across the entire
range of modular facial phenotypes.

2 | MATERIALS AND METHODS

2.1 | Sample description

The total analysis sample included 2446 adults. Individuals were
selected from several large data sets with available 3D facial im-
ages: the 3D facial norms repository (n = 674), the IUPUI facial
data set (n = 353), the Penn State ADAPT study (n = 1415), and
the Melbourne AHEAD study (n = 4). These data sets have been
extensively described and used in prior studies of facial genet-
ics (White et al., 2021) or morphology (Matthews, Penington,
Clement, et al., 2018; Matthews, Penington, Hardiman, et al., 2018).
Individuals self-identified as male or female, and in 99.8% of cases,
the self-designation was confirmed by genetic analysis (the four in-
dividuals from the AHEAD study did not have genetic follow-up).
Individuals were selected from these data sets to ensure equal
numbers of males and females with a balanced age distribution;
both sexes had 1223 individuals with a mean age of 27.8years.
Figure 1 shows the distribution of males and females. All individu-
als are self-reported as having recent European ancestry. Because
these cohorts were originally collected with the goal of studying
normal-range human facial variation, individuals were screened for
a history of craniofacial birth defects, trauma, or surgery. All par-
ticipants provided written informed consent prior to participation,
and all research was approved by each institution's ethics oversight

committee.

800

I Males
700 Females

600 -

500 -

400

Count

300

200

100

e — T

@,L\,,Lv ,ﬁ\ ,,p,,;b,,)b,,)% M2 el bfb,,)\%b‘(,;\ S& bb @q,\'»,\ﬁ,\%%x%v@ QQ
Age (years)

FIGURE 1 The age distributions of males and females used in
this study.
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2.2 | Spatially dense landmarking and 3D facial
segmentation

3D facial surface images for all participants were acquired through
digital stereophotogrammetry using standardized protocols de-
scribed previously (Heike et al., 2010). After the initial cleaning, the
3D surface images were placed into dense correspondence, such
that each 3D face was aligned across of set of 7160 densely spaced
quasi-landmarks. This was accomplished automatically by nonrigid
mapping a specially constructed template face or anthropometric
mask (Claes, Walters, & Clement, 2012) onto each image using the
MeshMonk image-processing pipeline (White et al., 2019). To sym-
metrize the dense landmark configurations, a copy of each configura-
tion was reflected about the x axis and each bilateral quasi-landmark
was relabeled as the corresponding quasi-landmarks on the oppo-
site side of the midline. The copy was then superimposed onto the
original via a least-squares Procrustes superimposition and the aver-
age of each corresponding landmark was computed. These averages
constitute the symmetrical version of the initial configuration.

Each full-face dense landmark configuration was then segmented
according to a previously defined hierarchical segmentation (White
et al., 2021). As shown in Figure 2, starting with the complete 3D
surface, the face is split into two large segments (or modules) repre-
senting the nose/upper lip and the rest of the face. This partitioning
is then repeated for four more rounds, resulting in 63 total facial
segments linked in a hierarchical manner. The facial segmentation
is data driven and based on patterns of intercorrelation among the
3D quasi-landmarks; points that exhibit strong covariance will clump
together. As is evident in Figure 2, this approach naturally breaks
the face into four main quadrants: nose, upper lip, upper face (fore-

head and periorbital region), and lower face (mandible and cheeks).

FIGURE 2 Modular facial segmentation scheme.
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The quasi-landmarks comprising each module were aligned to the
sample mean and scaled to unit size with generalized Procrustes
analysis and the centroid size for each participant for each mod-
ule was recorded. To describe the major modes of shape variation,
principal components analysis was applied to the Procrustes aligned
quasi-landmarks comprising each of the 63 facial modules. For each
segment, the components required to explain 98% of the shape vari-
ation were retained. The number of components retained for each

module is shown in Supplementary Figure 1.

2.3 | Impact of sex on facial size

The median centroid sizes of males and females were compared
using the Wilcoxon rank-sum test, which was performed separately
in each facial module. To account for the multiple testing burden the
nominal significance threshold of 0.05 was divided by the effective
number of comparisons (n = 12) estimated from the eigenvalues
of the 63x 63 matrix of correlations of centroid sizes in each facial
module following Li and Ji (2005). This resulted in a p value thresh-
old of 0.0042 (0.05/12). The effect size was measured by the A sta-
tistic (Ruscio & Mullen, 2012). This is a nonparametric estimator of
the probability that a randomly selected instance of class A (males)
is larger than a randomly selected instance of class B (females).
Intuitively, this reflects the degree of overlap between the two dis-
tributions and is identical to the area under the receiver operator
characteristic curve. We report A-0.5. The statistic then ranges from
-0.5 (all females have larger centroid sizes than all males) to +0.5 (all
males have larger centroid sizes than all females).

2.4 | Impact of sex on facial shape

Sexual dimorphism of shape was assessed by a partial least squares
regression of each facial module's PC scores onto sex (coded as
male = 1; female = 2). Following Shrimpton et al. (2014), the ef-
fect size was partial R?, and statistical significance was estimated
via a permutation test on this statistic with 100,000 permutations.
Centroid size of the full configuration of facial quasi-landmarks and
BMI were included as covariates in the regression model. Including
age as a covariate showed no appreciable effect on the results, as
expected from the strict age matching between the samples of each
sex (data not shown). Regression coefficients for each facial module
were projected onto the surface normal of the average shape to be
visualized as color-coded heat maps showing the change from males
to females in the locally inward-outward direction. 3D morphs of
hypermasculine and hyperfeminine shapes for each module were
generated by transforming the average shape equivalently by both
adding (feminine) and subtracting (masculine) the regression coef-
ficients for sex multiplied by a scalar to the vertex coordinates of
the average shape. The scalar was determined for each module to
make the root mean square difference between the vertices of the
two morphs equal 0.15. The value 0.15 was chosen by trial and error
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to make morphs, where the shape differences are visible. The effec-
tive number of comparisons (29) was estimated using a multivariate
extension of the method above (Claes et al., 2018) from the eigen-
values of the 63 x 63 matrix of RV coefficients between PC scores in
each pair of facial modules after statistical adjustment for covariates.
This adjustment was done by taking the residuals of a PLS regression
model that regresses PC scores onto the covariates. Therefore, the
p-value threshold was set at 0.0017 (0.05/29).

2.5 | Quantifying and comparing facial
shape variance

To test for differences in multivariate shape variance between males
and females for each facial module, we used the log of the ratio of
the trace of the covariance matrix of males to the trace of the covari-
ance matrix of females as a test statistic:

Iog< tr(cov(Xy)) )

tr(cov(Xg))

where X, and X; are the n (observations)xk (principal components)
matrix of the principal component scores of males and females, re-
spectively. Prior to this, the PC scores were adjusted for centroid size
of the full facial landmarks and BMI by taking the residuals of a PLS
regression of the scores of both groups together onto the covariates.
Additional tests that included age as a covariate showed little appre-
ciable effect on the results, except that the p values associated with
two small modules of the nasal tip and alar regions (Figure 2, modules
44 and 45) were reduced slightly pushing them over the significance
threshold. Statistical significance was calculated via a permutation test
on the test statistic. The significance threshold of 0.05 was adjusted
to 0.05/63 (p<0.0008). This is a stringent adjustment. Although de-
pendency between the tests will exist and the effective number of

comparisons will be lower than 63, we are not aware of a method to
estimate the effective number of comparisons in this context.

2.6 | Sex classification based on facial shape

We assessed the ability of PC scores, describing morphology in each
facial module, to classify males and females. We used linear discri-
minant analysis as the classifier with empirical prior probabilities
calculated as the proportion of each group in the training set (as im-
plemented in MATLAB's fitcdiscr function). The linear discriminant
analysis model was tested using 10-fold stratified cross-validation
and we report the percentage correct classification. We further in-
vestigated what properties may contribute to the classification ac-
curacy. To do this, we correlated the percentage classified correctly
in each module with the surface area (the area of all complete tri-
angles in the module on the template mesh) and shape complexity,
measured as the number of principal components required to ex-
plain 98% of the shape variation.
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3 | RESULTS

Males showed significantly higher centroid size than females in all
modules (Figure 3). We also ran an alternate version of the facial size
analysis with BMI included as a covariate, but the results were un-
changed (data not shown), suggesting that the effects we observed
were not driven by overall body size.

Males also showed greater levels of shape variance in all ex-
cept three modules (modules 27, 32, and 54, but these were not
statistically significant). Although each of the main facial quadrants
contained modules where males showed significant increases in
variation, the effect size was largest in the central forehead region
(modules 28 and 57) and smallest in the upper lip region. In the lower
face, the difference in variance was most evident in the buccal re-
gion (the branch beginning at module 12), as opposed to the chin.
In the nose, the difference was most pronounced along the branch
beginning at module 10. In the upper lip area, the difference was
most evident around the vermillion portion and adjacent superior
cutaneous upper lip (modules 38 and 37).

Statistically significant sex differences in shape were seen in all
63 modules (Figure 3). These differences tended to be more pro-
nounced in the full face, upper lip, and forehead modules. Looking at
the full face (module 1), the pattern is clear and striking—the entire
central portion of the face stretching from the forehead to the chinis
more inwardly projecting in females, while the lateral regions includ-
ing the zygoma and cheeks are more outwardly projecting (Figure 4).
The overall impression would be of a more anteriorly projecting male
face and a flatter female face.

Examining additional modules in Figure 4 offers more nuanced
information. For example, the forehead in the full face module is uni-
formly outwardly projecting in males; however, subtleties emerge
when considered in isolation (e.g., modules 7, 14, 28, and 56), with
the brow ridge projecting outwardly and the more superior por-

tion of the frontal bone sloping posteriorly. The nose also shows a
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complex series of shape changes as the modules focus on more lo-
calized regions. In the full face, the nose, along with the entire mid-
face shows outward projection in males. In more localized modules
(e.g., 5, 11), the dorsum of the nasal bridge is less prominent rela-
tive to the nasal tip. This trend continues through modules 11, 22,
and 44, where the inferior-most part of the bridge now reverses to
become slightly retrusive. We can interpret this as showing over-
all midface advancement in males, but within the nose itself, there
are more subtle shape changes taking place along the dorsum of
the nasal bridge and nasal tip. The result is a slight narrowing and
down-turning of the nasal tip in males. The upper lip and philtrum
also show some subtle shape changes. In the context of the full face,
the entire upper lip region is projecting outward in males. However,
in more localized lip modules (e.g., 9, 18, 37), the central part of the
philtrum is positioned more inwardly in males resulting in a deeper
and more pronounced philtrum, which is not visible in the analysis
of the full face. Interestingly, one of the strongest sex differences
is an increased concavity of the nasolabial fold in females, seen on
the branch beginning at module 8. Colormaps and 3D morphs for all
facial modules can be found in Supplementary File 1.

Figure 5 shows classification accuracy per facial module and the
nonparametric correlations between (1) accuracy and module sur-
face area, (2) accuracy and shape complexity, and (3) surface area
and shape complexity. The greatest accuracy was achieved using the
full face. However, the majority (84%) of facial modules showed an
accuracy of 75% or greater. Upper and lower facial modules tended
to perform better than the nose and upper lip modules. In general,
classification accuracy decreased as facial modules decreased in size
(as measured in terms of the proportional surface area captured by
each module) and shape complexity (as determined by the number
of principal components needed to account for 98% of the variation).
As expected, module surface area and module shape complexity
were strongly correlated, since larger modules tend to require more

principal components to capture the shape variation present.

| |

0.5 0 0.05 0.1 0.15

FIGURE 3 Sexdifferencesin centroid size, variance, and shape. For centroid size, the size and color of the nodes are indexed to A-0.5,
where A is the nonparametric estimate of the probability of superiority. 0.5 (red) indicates all men have larger centroid sizes than all women
-0.5 indicates all women have centroid sizes larger than all men. For shape variance color and size are indexed to the log of the ratio of male
variance to female variance. Shape, color, and size are indexed to the variance explained by sex in each module. For all three, black borders
indicate a statistically significant difference after adjustment for multiple comparisons (see text).
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FIGURE 4 Visualization of the sex differences in shape. Color
maps show the regression coefficients associated with the effect
of sex at each vertex, projected onto the surface normal. Red
indicates the vertex is more locally outward in females than

males, blue indicates the point is more locally inward. The static
morphs illustrate the difference between the sexes, by showing an
exaggerated hypermasculine and hyperfeminine face (see text).

4 | DISCUSSION

Sexual dimorphism has received considerable attention from multiple
fields of study. Studying patterns of sex differences can yield insights
into the action of natural (including sexual) selection on morphology
and inform forensic investigations and precision medicine. The major-

ity of past studies investigated facial sexual dimorphism with linear
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distances or in terms of sparse landmark configurations (Kesterke
et al., 2016; Liu et al., 2014; Tanikawa et al., 2016), which provides
a limited representation of the face, or else employed spatially
dense image analysis of the entire face or face and head together
(Claes, Walters, Shriver, et al., 2012; Ekrami et al., 2021; Hennessy
et al., 2005; Matthews, Penington, Hardiman, et al., 2018; Mydlova
etal., 2015; Shrimpton et al., 2014). While the latter analysis can com-
prehensively indicate how different parts are spatially interrelated, it
can also obscure more subtle and localized shape differences, which
may nevertheless have important implications. In this study, we used
a large, well-balanced sample of adults of European descent and em-
ployed a unique data-driven global-to-local facial segmentation to
study sex differences in size, shape, and shape variance.

Not surprisingly, our study confirmed that male faces are larger
than female faces. This was true even when accounting for overall
body size (BMI). Notably, we demonstrate the size effect was pres-
ent across modules spanning all levels of the global-to-local hierar-
chy. In terms of shape, at the level of the full face, we observed a
more anteriorly projecting male face and a relatively flatter female
face, broadly consistent with the findings of prior studies of 3D fa-
cial morphology (Bannister et al., 2022; Hennessy et al., 2005; Kau
et al., 2006; Kesterke et al., 2016; Koudelova et al., 2015; Toma
et al., 2008). By virtue of the segmentation approach, we were able
to reveal that sex-related differences are greatest in the upper face
(particularly the forehead) and portions of the upper lip (particularly
the nasolabial groove and philtrum); this is evidenced by the partial
R? values in Figure 3. Analyzing shape differences at successively
finer scales also revealed shape differences that were not evident
in the analysis of the full face. For example, modules involving the
forehead showed evidence of retrusion (sloping) superior to the
more projecting brow ridges that are characteristic in males, shape
changes in nose-specific modules revealed the upturned nasal tip
characteristic of females, and males exhibited a more well-defined
(deeper) philtrum than females.

Revealing these more subtle changes helps complete the picture
of how sex impacts facial structure and provides objective evidence
to corroborate well-known sex effects that were previously difficult
to capture fully. While analysis of the full face can provide a compre-
hensive picture of how various facial parts interrelate, some local-
ized effects may be lost—masked by more global aspects of shape
variation. Partitioning the face and analyzing each part separately
can reveal those effects. A similar phenomenon was recently shown
by Bannister et al. (2022) in their analysis of facial sexual dimor-
phism that divided the facial surface into seven subregions. Unlike
the present study, however, these subregions were predefined
based on their relevance for surgical planning. Overall, the findings
of these two studies agree. Here, however, we find some additional
evidence for shape differences in the upper lip region, particularly
involving the philtrum. This may be because the 3D lip segment in
Bannister et al. (2022) was too large to capture some of these very
subtle shape effects.

Milella et al. (2021) found that males showed increased shape and
size variance across several different regions of the skull, although
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FIGURE 5 Classification accuracy. The left shows the percentage of correct classification in each module. Right explores some predictors
of classification accuracy. This shows proportion correct as a function of shape complexity and surface area of the module. The legend
shows spearman's rho and the associated p values. Shape complexity as a function of the surface area is also plotted.

the difference was only significant for total cranial size in their study.
Interestingly, the one region where females showed slightly higher
(but nonsignificant) levels of shape variance was the face. The lack
of statistical significance in their study may be related to the small
sample sizes that were available. In contrast to Milella et al. (2021),
we found that males showed statistically greater levels of shape
variance in multiple facial regions including the forehead, nose, and
lower cheek regions. There were no facial modules where females
showed significantly higher levels of shape variance. There are sev-
eral factors that might account for these different study outcomes.
One obvious difference in our study is that we focus exclusively on
soft-tissue surface morphology. In addition, our cohorts were col-
lected within the past decade, whereas Milella and colleagues used
skeletal remains spanning the 19th and 20th centuries. Levels of
craniofacial variability may have shifted over time due to improved
nutrition and reduced infant mortality. Two studies by Kleisner
et al. (2013, 2021) also reported that males showed excess variance
in facial shape compared with females from multiple populations,
corroborating our general findings. However, because these results
were based on the morphometric analysis of discrete landmarks de-
rived from 2D frontal photographs, it is not possible to determine to
what degree sex differences in shape variance impacted different
parts of the face. These study differences make direct comparisons
a challenge.

The increased facial shape variation observed in males fits within
a basic pattern documented for morphological traits across numer-
ous animal taxa (Zajitschek et al., 2020). Sexual selection pressure
(Wainer, 2007) and heterogamy (Reinhold & Engqvist, 2013) have
both been put forth as possible explanations for the propensity
of males to show excess variation in physical traits. Zajitschek
et al. (2020) found that traits with the greatest levels of sexual

dimorphism in mice also showed the greatest sex disparities in vari-
ance—a prediction that would follow from the sexual selection hy-
pothesis. Milella et al. (2021) found partial evidence to support this
claim in their human skull data. The facial surface data in the current
study also provide some support for this. There is a weak but posi-
tive and statistically significant (Spearman's p(61) = 0.313, p = 0.013
(two tails)) correlation between the variance ratio statistic and par-
tial R? associated with sex in the 63 facial modules (Supplementary
Figure 2).

Another possible ecological explanation for the origin of sex-
ually dimorphic traits is niche specialization (Slatkin, 1984), which
can occur when each sex is adapted to exploit distinct ecological
niches and resources. For example, in environments where males
predominantly took on the responsibility for dangerous and high-
risk activities like hunting and herding large animals, the risk of
broken facial bones could result in blindness or broken teeth and
jaws. Larger and more robust facial bones achieved through lon-
ger growth periods might be expected because these traits would
offer greater resistance to injury. This would be consistent with the
longer facial growth patterns seen in males compared with females
(Ursi et al., 1993). Since male faces continue growing into their mid-
twenties, we might also expect to see greater variability in male
faces compared with female faces.

Proximate and ultimate causes aside, the greater shape vari-
ance in male faces could have some important implications.
Increased shape variation, particularly during facial morphogene-
sis, has been linked to a greater propensity for malformations like
orofacial clefts (Hallgrimsson et al., 2004; Parsons et al., 2008).
Essentially, an increase in shape variance will result in more indi-
viduals with extreme phenotypes. As a result, more individuals will
approach and exceed the limits of viable and functional anatomy
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thereby increasing the likelihood of disrupting the precise spatio-
temporal pattern required for normal facial formation. Like many
structural birth defects, orofacial clefts involving both the lip and
palate (the most common type of cleft) occur more frequently in
males (Mossey et al., 2009). The sex bias in clefting has never been
adequately explained, but higher levels of shape variance in the
developing faces of male versus female embryos is an intriguing
hypothesis. Currently, it is an open question whether male em-
bryos exhibit increased craniofacial variation, as adults do. There
are also potential statistical implications for morphometric studies
documenting and comparing faces. For example, more males may
be needed than females to capture the representative range of fa-
cial variation present in a given population, with implications for
studies with small sample sizes.

When we investigated classification based on facial shape, the
accuracy ranged from 97% (full face) to 67% (module 38 on the lip),
and the vast majority of modules showed an accuracy of at least 75%.
We found that modules involving the upper and lower face tended to
outperform modules in the lip and nose. For example, several upper
face modules performed nearly as well as the full face. Similarly,
Bigoni et al. (2010) found that sex classification was most accurate
for the upper face region in their Central European sample, although
this study was based on skull material instead of soft tissue. We also
found that larger modules tend to perform better than smaller mod-
ules. These observations could have implications for real-world sys-
tems that often rely on partial facial images (e.g., surveillance-based
systems) to classify individuals (Tome et al., 2013). Our results sug-
gest that even with relatively small portions of the face, reasonably
good sex classification is possible. Furthermore, images that include
portions of the upper face should result in improved performance,
even if other portions of the face are obscured.

Our results demonstrate that adult faces show strong sexual
dimorphism for both size and shape and that sex differences are
present across all parts of the face. Further, we found that shape
variance is higher in male faces and that this effect was most appar-
ent in the upper face. Finally, we found that faces can be classified
on the basis of sex with high accuracy, even when considering only
parts of the total face. All of these results must be considered within
the context of this study's limitations. Our datasets were limited to
3D facial surface morphology. Care must be taken not to assume
that our outcomes apply equally to the underlying facial skeleton or
to other parts of the craniofacial complex. Our samples were also
limited to adults of recent European ancestry. Although the causal
factors are unclear (see Kleisner et al., 2021 for a comprehensive dis-
cussion), several studies have shown that patterns of sexual dimor-
phism in facial morphology vary across human populations and that
these population differences can be in both magnitude and direction
(Garvin & Ruff, 2012; Humphrey et al., 1999; O'Higgins et al., 1990).
Therefore, applying this same approach to samples with different
ancestral backgrounds or different ages may produce different out-
comes. Expanding the scope of this research by improving sample
diversity is essential for understanding the impact of sex on facial
traits in humans.
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