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1 | INTRODUCTION
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Abstract

Recent studies have supported the presence and varying nature of craniofacial sexual
dimorphism (SD) from the very first stages of ontogeny. But the exact patterns of
between-sex differences during the first years of life remain obscure despite the im-
portance of these data for craniofacial surgery treatment and forensic studies. Our
study employs a large dataset of clinical computed tomography scans of individuals of
East Slavonic descent from birth to 5years of age (247 males and 184 females) to ad-
dress the pattern of age-related between-sex differences in 22 linear measurements
of the mid-face. At birth, SD of most dimensions is low, but it increases significantly
during the first year of life. The level of SD of most variables fluctuates in both di-
rections during the second year and peaks during the third and fourth years of life.
During the sixth year, SD of about half of the variables markedly decreases. In adults,
SD of all variables increases, but to a very different extent: from 2% to 13%. Most
sexually dimorphic features of the facial skeleton begin to develop early in postnatal
ontogeny and then may or may not become accentuated during puberty. Importantly,
the patterns of age changes in the level of SD differ strongly between various dimen-
sions, and so cannot be expressed by a single value for the whole face. Additionally,
the level of SD for a particular variable is not ontogenetically stable during the first

years of life.
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(Delye et al., 2015; Humphrey, 1998; Schutkowski, 1993; Ursi

The problem of the ontogenetic origin of sexual dimorphism
(SD) in mid-facial form has been studied intensively during the
last decades (Broadbent et al., 1975; Bulygina et al., 2006; Dean
et al., 2000; Farkas, Posnick, & Hreczko, 1992; Farkas et al., 19923,
1992b; Humphrey, 1998; Likus et al., 2014; Matthews, 2018; Riolo
et al., 1974; Smith et al., 2021; Tutkuviene et al., 2016). Though the
bulk of this research was concerned with sex-specific growth pat-
terns in older children and adolescents in connection to the puber-
tal growth spurt, it has gradually become clear that SD begins to
play an important role in craniofacial variation well before puberty

et al., 1993; Vidarsdottir, 1999; Wheat, 2015). Numerous studies
on living subjects (anthropometry and three-dimensional [3D] sur-
face scanning) have shown that males and females differ from the
very beginning of postnatal ontogeny in terms of both mean values
and rates of growth, and those differences vary between traits and
ages (Farkas, Posnick, & Hreczko, 1992; Farkas et al., 1992a, 1992b;
Kesterke et al., 2016; Matthews, 2018; Matthews et al., 2016;
Meulstee et al., 2020; Tutkuviene et al., 2016; White, 2005). A
number of cephalometric and craniometric studies arrived at very
similar conclusions concerning the early onset of SD, at least for
some traits (Bulygina et al., 2006; Gonzalez, 2012; Humphrey, 1998;
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Vidarsdottir, 1999). Turning to computed tomography (CT)-based
studies, Delye et al. (2015) have found a significant effect of sex in all
the studied linear and three-dimensional measurements of the skull
as well as in bone density for all age groups from birth to 20vyears.
Similar conclusions were recently arrived at by Niemann et al. (2021).
A survey of a large sample of older children (5-18years) was car-
ried out by Teodoru-Raghina et al. (2017). They reported significant
between-sex differences in cranial vault measurements for 8-11 and
16-18-year-olds but less prominent dimorphism for facial measure-
ments and noted the non-linearity of the development of SD (e.g.
lower sexing accuracy for the 12-15years' age interval probably as a
result of differences in the development of boys and girls during pu-
berty). Another study based on the analysis of magnetic resonance
imaging datasets (Jeffery et al., 2022) revealed size-dependent sex-
ual differences in craniofacial variation well before puberty.

Thestudies cited above suffer fromastrongunder-representation
of the youngest age cohorts, namely from birth to 5years of age,
an important gap in our knowledge of the ontogeny of sexually di-
morphic cranial features. From a theoretical point of view, the first
months and years of life are the time of the most rapid growth
changes that produce the main inter- and intra-population differ-
ences in craniofacial form (Bulygina et al., 2006; Evteev et al., 2018;
Vidarsdottir, 1999). On the other hand, a substantial body of work
has been dedicated to establishing normative values for craniofacial
traits in infants who are essential for treatment planning and eval-
uation of results in medical practice (Bjork, 1964; Brief et al., 2000;
Broadbent et al., 1975; Delye et al., 2015; Enlow, 1975; Escaravage
& Dutton, 2013; Lang, 1989; Likus et al., 2014; Pool et al., 2016;
Waitzman et al., 1992b). Last but not least, knowledge of the early
ontogeny of craniofacial SD is important for biological and foren-
sic anthropology with respect to the problem of sexing non-adult
individuals (see Schaefer et al., 2009). Although craniofacial traits
are thought to be less useful than postcranial and dental (Marino
et al., 2019; Stull et al., 2017; Viciano et al., 2021), this assumption
remains to be tested (Schutkowski, 1993).

It should not be overlooked that SD in the face of living infants
has recently been thoroughly studied using 3D surface scanning
of soft tissue (Kesterke et al., 2016; Matthews, 2018; Matthews
et al.,, 2016; White, 2005). These studies provide an important the-
oretical framework for the present study, but their results cannot be
directly employed for assessing the variation of cranial structures
due to the considerable role of soft-tissue variation in shaping the
infant's face.

To date, SD in the infant craniofacial skeleton has been ad-
dressed in a few studies employing archaeological or forensic cranial
samples, cephalograms, and CT images of living subjects. The typi-
cal limitation of archaeological samples is the lack of information on
the actual age and sex of individuals which makes this type of study
possible for only a few documented collections (Humphrey, 1998;
Schutkowski, 1993; Vidarsdottir, 1999; Vidarsdottir et al., 2002)
where remains of infants and younger children are typically strongly
underrepresented. Longitudinal growth studies based on X-ray
cephalograms provide the most abundant datasets for studying
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the topic (Bulygina et al., 2006; Dean et al., 2000; Evalahti, 2020;
Gonzalez, 2012; Ursi et al., 1993). This source of data has a num-
ber of flaws: the superimposition and unequal enlargement ratios of
structures from the left and right sides of the skull, and possible dis-
tortion of the midfacial structures. In infants, these are additionally
complicated by the very poor visibility of craniofacial structures due
to their low density (see Bulygina et al., 2006 for a comprehensive
discussion).

High-resolution CT scanning currently appears to be the most
efficient tool for studying growth patterns of bone structures.
This method is non-invasive, cost-effective, and free of the inher-
ent flaws of cephalograms and dry cranial samples. Its only major
drawback is potential harmfulness of the radiation exposure which
makes scanning healthy subadult individuals virtually impossible
for ethical reasons. However, a very large number of CT images
of individuals with pathologies that do not affect the normal mor-
phology of the skull (i.e. trauma or ENT symptoms) are available
for cross-sectional retrospective studies (see New et al.,, 2022;
Niemann et al., 2021). Although such data hve been frequently
employed for studying normal human cranial growth (see Evteev
et al., 2018 and citation therein), its full potential for exploring the
ontogeny of SD in craniofacial traits has not yet been exploited.
Many authors choose to pool sexes in order to maximize sam-
ple sizes while controlling for the effects of SD (Barbeito-Andrés
etal., 2016), because preliminary analyses did not reveal significant
differences between the two sexes (Waitzman et al., 1992b), or the
structure being studied was not expected to be sexually dimor-
phic (Likus et al., 2014). A number of studies were only concerned
with specific craniofacial structures. For instance, Escaravage and
Dutton (2013) explored growth patterns of the orbit in a pediatric
sample and did not observe significant differences between the
sexes, although they note that the study was not designed to in-
vestigate sexual differences. The study by Pool et al. (2016) was
also limited to only two orbital dimensions. Likus et al. (2014) and
Contencin et al. (1999) have not detected any sex differences be-
tween skeletal structures in the nasal cavity in samples of infants
of 0 to 6 months of age, and children in the 0-3 years age range (re-
spectively). Contrary to these, a study of temporal bone variation
(Paetz et al., 2017) revealed a consistent difference between male
and female measurements at all ages. Przystanska et al. (2020)
reported a varying degree of SD of maxillary sinus dimensions at
different ages.

Summing up, while a considerable number of recent studies sup-
port the presence and varying nature of craniofacial SD from the
very first stages of ontogeny, the exact patterns of between-sex dif-
ferences during the first years of life remain obscure. This is despite
the importance of these data for treatment planning and assessment
in medical practice and for creating accurate models for sexing sub-
adults. The potential of clinical CT data for resolving this issue has
not yet been fully exploited.

Our study employs a large dataset of clinical CT scans of indi-
viduals from birth to 5years of age (247 males and 184 females) in
order to address the pattern of age-related between-sex differences
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in cranial dimensions of the mid-face and to contribute to under-
standing of the developmental aspects of SD in human midfacial

ontogeny.

2 | MATERIAL AND METHODS

The CT sample employed in this study consists of 500 subjects in-
cluding 101 male and 69 female infants (up to 1-year-old), 146 male
and 115 female children of the second to sixth years of life (247
male and 184 female non-adult individuals in total), and 36 male
and 33 female adult individuals as reference samples. The sample
was divided into 10 age cohorts on a yearly basis starting from the
second year of life. For instance, the cohort of 1-year old children
included individuals whose age varied from 1year and 1day to 1year
and 11 months. As the first year of life is the time of the most rapid
growth changes, we employed a more detailed age gradation for
this period (Table 1). All the scans were obtained from the National
Scientific and Practical Center of Children's Health (SCCH), Moscow,
and anonymized prior to further procedures (with only age and sex
entries left unchanged).

The data on ethnicity (based on surnames) and diagnoses with-
out reference to personal data were processed separately. The final
sample consisted mainly of Caucasoid individuals of East Slavonic an-
cestry without evidence of pathologies affecting the normal growth
and morphology of the skull including craniosynostoses, craniofacial
clefts, congenital syndromes, hydrocephaly, or severe trauma. This
study was considered and approved by the Independent Ethics com-
mittee at the SCCH (see Evteev et al., 2018 for details).

The CT scans were obtained using different scanners (GE
Light-Speed 16; Toshiba Aquilion, Philips Brilliance 6) and standard
medical protocols for imaging the brain, head, orbit, and paranasal
sinuses. Virtually all scans were made using a 512 x 512 matrix with
no gantry tilt and in the axial direction. Following recommendations
(Decker, 2010; Palomo & Broadbent, 2008; Spoor et al., 2000), scan
series with convolution kernels other than “Bone” were employed

when possible. The majority of individuals were scanned with slice

TABLE 1 Computed tomography scans sample.

Age cohort Male Female Total
Newborn 10 6 16
1-2months 17 8 25
3-6months 28 35 63
7-11 months 46 20 66
1year 28 23 51
2years 31 20 51
3years 28 22 50
4years 33 26 59
S5years 26 24 50
Adults 36 33 69
Total 283 217 500
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thicknesses of less than 1mm (196 male and 148 female datasets),
while some patients, mostly infants in the first 2years of life were
scanned with slice thicknesses of 3mm and spacing between slices
of 1.5mm (87 male and 69 female datasets). It has been shown by
numerous studies that the differences in slice thickness under 5mm
do not seriously affect the precision of CT-based cranial measure-
ments (Hassan et al., 2009; Kim et al., 2005; Spoor et al., 2000;
Van Cauter et al., 2010; Waitzman et al., 1992b). This was also con-
firmed by our previous study on male infants and children (Evteev
etal., 2018).

The DICOM datasets were imported into Amira (Visualization
Sciences Group) to build 3D models and place landmarks following
the protocol of Evteev et al. (2018). It has been shown that phys-
ical and CT-based virtual measurements of dry skulls are in very
good agreement, in particular for CT data with a higher spatial res-
olution and a smaller slice thickness (Hassan et al., 2009; Hildebolt
et al,, 1990; Olmez et al., 2011; Richard et al., 2014; Richtsmeier
et al., 1995; Waitzman et al., 1992a see Kim et al., 2012 for a com-
prehensive review of earlier literature).

In our study, 40 bilateral and mid-sagittal landmarks were placed
on the surface-rendered models (Figure 1; Table S1). Using 3D coor-
dinates of the landmarks, 22 linear measurements commonly used
in craniometric studies were calculated in the geomorph package
version 4.0.1in R (Adams et al., 2021). The set of measurements was
compiled with the aim of describing the main morphological features
of the mid-facial region. Unilateral measurements were taken on the
left side. A detailed description of the measurements is provided in
Evteev et al. (2018) while the names of the variables are listed in
Table 2.

The landmarks were placed by AE and TS. Intra- and inter-
observer errors were tested by estimating the repeatability of the
final measurements (involving all landmarks) of five individuals in
each of three age groups: 7-11 months, 3years, and 5years. The
inter-observer error values are presented in Table 2 and show that
the total mean difference between AE and TS was no more than
1mm for all measurements except for bizygomatic breadth and
upper facial heights. As the latter are among the largest dimen-
sions included in the study, in percentage terms the inter-observer
error was considered acceptable for all measurements (Jamison &
Ward, 1993).

Basic descriptive statistics, including the mean, standard devia-
tion, coefficient of variation, minimum and maximum values, and the
number of individuals, were calculated for each variable in each age
cohort (Table S3). The number of individuals is not the same for all
variables either due to the incompleteness of some scans or to poor
visibility of some structures in infants scanned with a low resolution.

The sexual dimorphism coefficients (SDC) were calculated for
every age cohort as male mean values expressed as a percentage of
the respective cohort's female values (Alekseev & Debets, 1964;
Humphrey, 1998; Vlastovsky, 1961). Male and female values for every
dimension in each cohort were compared using the Wilcoxon-Mann-
Whitney test; the statistics and respective p-values are available in
Table S3. The standard deviations of variables' SDCs with respect to
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FIGURE 1 Mid-facial landmarks.

their mean in a particular cohort were also calculated to quantify how
SD varies during the ontogeny for different dimensions.

To analyze ontogenetic trends for every single variable, sex-
specific growth curves were plotted as well as curves for SDC
changes. All plots were created with the use of ggplot2 package ver-
sion 3.3.3 in R (Wickham, 2016). In order to compare differences
in SD across the age cohorts, pairwise differences in male and fe-
male values of each trait in each age group (z-scored within each
sex) were compared using the Wilcoxon-Mann-Whitney test with a
Bonferroni correction for multiple comparisons (Table S4).

A Q-mode principal component analysis (PCA) was performed in
order to summarize and better visualize the similarities and differ-
ences in ontogenetic changes in SD of some of the variables display-
ing the most typical patterns of age changes. This was carried out
using the mid-facial dimensions as the units of the analysis and their
SDC values at different ages—as variables. The latter were standard-
ized (z-scored) with respect to the mean of SDCs for each variable
across the age cohorts in order to account for variation in the total
level of SD of the variables.

3 | RESULTS

The SDC for the 22 mid-facial variables across 10 age cohorts are pre-
sented in Table 3 while respective p-values can be found in Table S3.

s Anatomy RATSRTSAEIPIES

Ontogenetic trends in between-sex differences accompanied by the
sex-specific growth curves for the dimensions are charted in Figures 2-
6 and Figure S1 and discussed in the text. The bold line in the figures
indicates SDC of 100, so when a curve falls above it, it corresponds to
higher male values of a given variable, and vice versa. Some age groups
were combined when preparing these charts in order to simplify
plots of the data resulting in the following six cohorts: 0-2months,

3-11 months, 1year, 2-3years, 4-5years, adults.

3.1 | Ontogenetic trends of single variables

The trajectories of nasal bone dimensions and the zygomaxil-
lary subtense SDCs are presented in Figure 2. The trends of these
variables display fluctuations that are most pronounced for simotic
subtense, which shows an increase during the first 2 years of life, a
decline at 2-5years of age, and a new steep increase by adulthood.
The respective growth curves also exhibit fluctuations and numer-
ous intersections between male and female trajectories.

The orbital dimensions demonstrate an entirely different pattern
(Figure 3). Their between-sex differences, quite modest in general,
are established very early in ontogeny (by the second half of the
first year of life) and remain approximately the same until adulthood.
The height of the frontal process displays a rather atypical pattern,
where SDC is negative throughout early childhood (i.e., larger val-
ues of the variable are found in females) and only approaches 100
by 4-5years of age, maintaining the same level into adulthood. Sex-
specific growth curves for these variables diverge very early.

Most transverse dimensions of the mid-face (Figure 4) exhibit
little to no SD from birth to 5years of age, followed by a steep in-
crease. The growth curves of the two sexes are almost identical
in childhood and only later begin to diverge substantially. Palate
breadth and zygoorbitale subtense display similar dynamics, but the
former suddenly peaks at 2-3years of age while the latter demon-
strates greater SD at birth (Figure S1).

The trajectories of the two components of upper facial height
are completely different (Figure 5). While nasal height (as well as in-
terorbital width—Figure S1) demonstrates a smooth, almost linear
increase, the height of the alveolar process fluctuates very strongly.
Thus, upper facial height, which is the sum of these two dimen-
sions, occupies an intermediate position in the plot. The sex-specific
growth curves are similar for nasal height and upper facial height,
but, importantly, absolute values of height of the alveolar process
display fluctuations only in males, differences between sexes being
significant throughout the first two years of life.

Finally, SD of the choanal dimensions (Figure 6) is exceptionally
large at birth, declines during the second half of the first year of life,
and increases to almost reach adult values by the age of 2-3years
(sexual differences significant only for choanal breadth, though).
The breadth of the choanae, unlike height, sharply increases in males
from 3years of age onwards.

Based on the number of significant differences in SD across age
cohorts, the following variables display the most variable pattern of
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TABLE 2 Linear distances and inter-observer error for three age groups (mm).

Total mean
Variable/Sample Region 7-11 months 3years Syears error
Simotic chord (9-11) Nasal bones -0.16 -0.58 -0.07 -0.27
Simotic subtence (9-10-11) Nasal bones 0.08 -0.38 -0.16 -0.15
Length of the nasal bones (5-16) Nasal bones -0.48 0.36 0.95 0.28
Lower breadth of the nasal bones (15-17) Nasal bones/Nasal aperture 1.00 -1.61 -1.13 -0.58
Orbital breadth (7-12) Orbit -1.26 0.38 -0.18 -0.35
Orbital height (2-19) Orbit -0.24 -0.15 -0.80 -0.40
Interorbital breadth at maxillofrontale (3-7) Orbit -0.44 -0.31 0.36 -0.13
Zygoorbitale chord (13-19) Orbit 0.70 0.03 -1.02 -0.10
Frontal process height (7-18) Orbit -1.84 0.89 0.17 -0.26
Zygomaxillary chord (20-29) Maxillary-zygomatic -1.25 -0.53 -0.03 -0.60
Cheek height (19-29) Maxillary-zygomatic -1.61 0.35 1.62 0.12
Lateral length of the body of the maxilla Maxillary-zygomatic 0.23 -0.93 -0.58 -0.43
(28-32)
Bizygomatic breadth (39-40) Maxillary-zygomatic 0.76 -1.85 -2.22 -1.11
Nasal breadth (23-27) Nasal aperture 0.24 -0.59 -0.24 -0.20
Nasal height (5-24) Nasal aperture -0.71 0.23 0.28 -0.07
Zygoorbitale subtense (13-17-19) Nasal aperture -0.43 0.39 -0.34 -0.12
Zygomaxillary subtense (20-25-29) Nasal aperture -1.27 -0.09 0.27 -0.36
Upper facial height (5-30) Nasal aperture/Alveolar 0.79 0.62 1.71 1.04
Anterior height of the alveolar process (24-30) Alveolar 0.54 0.31 1.47 0.77
Palate breadth (33-35) Posterior face 1.29 0.73 0.03 0.68
Height of the choanae (34-37) Posterior face 1.08 -0.26 0.90 0.57
Breadth of the choanae (36-38) Posterior face 0.34 -1.54 -0.66 -0.62

Note: Numbers in the parentheses indicate landmarks used for obtaining each measurement.

ontogenetic changes: frontal process height, bizygomatic breadth,
anterior height of the alveolar process, nasal height, breadth of the
choanae. The following dimensions exhibit the most stable level of
between-sex differences across infancy and childhood: zygoorbit-
ale and zygomaxillary chords, upper facial height, simotic chord, and
nasal breadth (Table S4).

3.2 | General patterns of SD

The trajectories of the 12 variables are charted together in Figure 7
in order to assess the pattern and relative magnitude of the dif-
ferences in SD between different dimensions at various ages.
The standard deviations of variables' SDCs with respect to their
mean in a particular cohort were also calculated to quantify the
differences. The period from birth to the second month of life is
apparently the time of the highest variation of SDCs (standard de-
viation = 3.38), but this is only due to three variables (two choanal
dimensions and zygoorbitale subtense). If these are excluded, the
standard deviation falls to 1.11, and the SDCs of the remaining nine
dimensions vary only between 99% and 102%. During the middle
and the second half of the first year of life, the SD of most vari-
ables increases or remains stable, and the standard deviation is the

lowest among all cohorts (1.94). The second to fourth years of life is
the period of greatest variation of SD (standard deviations 2.67 and
3.24), which is not due to one or a few variables, rather it is a result
of changes in SDCs of most of the dimensions. The 5-year old chil-
dren also apparently display a high level of variation (standard de-
viation = 3.15), but this is actually due to only two variables (simotic
chord and choanal breadth). If these are excluded, standard devia-
tion drops to just 1.54. A notable feature of this age is a marked
decrease in SD of many dimensions. Finally, adults demonstrate
stabilization of SD variation, where none of the variables (similarly
to the second half of the first year of life) shows exceptionally high
or low SDC. The coefficients reveal a marked increase in only half
of the dimensions, while in the rest they remain quite similar to the
children's values.

Based on the number of significant differences in SD across
the variables, the following age cohorts (except adults) display the
most specific patterns of between-sex differences: 5years, 1year,
3-6months (Table S4).

A Q-mode PCA was performed in order to summarize and better
visualize the similarities and differences in ontogenetic patterns of
SD of the variables (Figure 8). The closer the variables are in the plot,
the more similar pattern of ontogenetic change of SD they demon-
strate (general differences in the level of SD being accounted for via
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FIGURE 2 Ontogenetic changes in sexual dimorphism coefficients and sex-specific growth curves: nasal bone dimensions and

zygomaxillary subtense.

z-scoring). The circles were drawn by hand to facilitate the interpre-
tation of the plot. The first two principal components (PC) together
describe 72.4% of the total variance, and thus the major part of the
relationships among variables can be visualized by plotting only
these two PCs (Figure 8). Three groups of similar variables can be
distinguished in the plot. The first includes the breadths of the palate
and choanae, and nasal height. A notable common trend for these
variables is a great increase of the level of SD taking place between
3-11 months and 2-3years. The second group includes most of the
transverse dimensions: nasal and orbital breadths, zygoorbitale and
zygomaxillary chords all displaying quite low and stable SD during
the whole period from birth to 5years. The third is comprised of
zygoorbitale subtense and choanal height. Both variables exhibit a
very high level of SD at birth which sharply decreases by the age of
4-5years. Finally, some variables exhibit distinct ontogenetic trajec-
tories (Figure 7), namely simotic chord, zygomaxillary subtense and
orbital height, although the latter is relatively close to orbital breadth.

4 | DISCUSSION

The results of the present study show that the patterns of age
changes in the level of SD differ strongly between various dimen-
sions during ontogeny, and cannot thus be expressed by a single
value for the whole face; neither the level of SD for a particular

variable can be viewed as ontogenetically stable during the first
years of life.

4.1 | The main stages in the development of mid-
facial SD.

Birth to the third month of life is the period of both low level and low
variability of SDCs of most dimensions. Important exclusions are the
choanal dimensions, frontal process height, and nasal protrusion (zy-
goorbitale and simotic subtenses), displaying high levels of SD. The
use of these particular measurements for sex determination in new-
borns can thus be expected to be effective.

During the 4th to 11th months of life, the great majority of the di-
mensions demonstrate an increase in SD while its variability remains
low.

The second year of life demarcates the beginning of the time of
fluctuation of the level of SD of most variables in both directions,
which peaks during the third and fourth years of life. The SDCs of
the palatal and choanal breadths approach the adult level. The
most notable phenomenon observed during the sixth year of life
is a marked decrease in SD in about half of the variables (see
below).

In adults, SDC of only one dimension (orbital height) remains the
same compared with 5-year-old children. SD of the other variables
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FIGURE 3 Ontogenetic changes in sexual dimorphism coefficients and sex-specific growth curves: orbital dimensions.

increases, but to a very different extent: by about 2%—four dimen-
sions, by 4%-5%—three dimensions, by 7%-9%—also three dimen-
sions, and by 13%—in one variable. This means that the leading role
of the pubertal phase of growth in the formation of between-sex
differences can be accepted for some variables (mainly transverse
and nasal bone dimensions) but not others (orbital dimensions, zygo-
maxillary subtense, choanal breadth). Notably, due to the fluctuating
nature of the ontogenetic changes in these differences, some vari-
ables (e.g. simotic subtense) display adult levels of SD as early as the
second half of the first year of life.

4.2 | Sex-specific patterns of growth of the orbit
The height of the frontal process of the maxilla (the medial border
of the orbit) displays the most distinct ontogenetic trajectory of SD,
being the only variable exhibiting SDCs lower than 100% through-
out ontogeny. The process is absolutely taller in females at all ages,
but particularly in newborns and children in the first years of life.
This is in contrast to the total height of the orbit, which is character-
ized by a consistently moderate level of SD (about 105%) from the
second half of the first year of life onwards. This observation points
to potential differences in how the sexes accommodate growth of
the eyes (Moss & Young, 1960), predominantly during the prenatal
and early postnatal periods.

4.3 | Sex-specific patterns of growth of the
tooth sockets

Sexual dimorphism of the height of the maxillary alveolar process
displays enormous and sudden fluctuations throughout ontogeny
changing from 106% at birth to 92% during the second year of life,
and then back to 106% by adulthood. These fluctuations are related
to decreases in the absolute values of this variable observed during
the second and sixth years of life, but only in males. Such changes
can be reasonably explained by the development of the dentition:
the second year of life is the time of active eruption of deciduous
teeth, while the sixth year demarcates the beginning of the transi-
tion to the permanent dentition. But, surprisingly, these important
ontogenetic events only affect males, while the growth trajectory of
females remains stable.

4.4 | Mid-facial SD and respiratory function

While most of the employed variables display low levels of SD
shortly after birth, there are several important exceptions to this
trend. These include dimensions related to the size of the choanae
and nasal protrusion, i.e. the capacity of the skeletal nasal cavity:
choanal width, zygoorbitale and simotic subtense. In 5-year-old chil-

dren, a number of variables exhibit a marked decrease in SD, and
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FIGURE 4 Ontogenetic changes in sexual dimorphism coefficients and sex-specific growth curves: transverse mid-facial dimensions.

again those are dimensions related to the size of the external or in- arguably shortly after birth (Bulygina et al., 2006; Matthews

et al., 2016; Morimoto et al., 2008; White, 2005) but undoubtedly
during the first years of life (Delye et al., 2015; Humphrey, 1998;
Niemann et al., 2021; Schutkowski, 1993; Ursi et al., 1993;
Vidarsdottir, 1999; Wheat, 2015, among others). A matter of po-
tential debate is if observed dimorphism is related to the between-

ternal nasal orifices, or the nasal cavity: nasal height, palatal breadth,
simotic chord and subtense, zygoorbitale and zygomaxillary sub-
tenses, and choanal height. It is thus tempting to relate these trends
to between-sex differences in energetic demands and respiratory

function (Bastir et al., 2011; Froehle et al., 2013; Hall, 2005; Holton

et al., 2014, 2016). sex size differences only or, alternatively, if it involves some

changes in the shape of the facial skeleton. In our opinion, the
independent fluctuations of growth curves of different variables
producing very distinct combinations of SD levels at different ages

clearly imply sex-related differences in shape, and not merely in

4.5 | Concluding remarks

Ourresults support the view that many sexually dimorphic features the size. But future research employing size-standardized vari-

of the facial skeleton begin to develop early in postnatal ontogeny: ables would be necessary to fully address this question.
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The fluctuating nature of the level of SD was pointed out in nu-
merous studies as well. According to Matthews (2018), the between-
sexes differences observed in the nose in 1year-old children are no
longer present by the age of two though those differences re-emerge
by the age of 14. The SD of maxillary sinus dimensions depends on the
phase of ontogenesis as well (Przystanska et al., 2020). Interestingly,
the marked decrease in the level of SD observed in our sample during
the sixth year of life—an unexpected result - finds parallels in the out-
comes of at least two earlier studies. Tutkuviene et al. (2016) noted
that a number of facial dimensions differed between sexes up to the
age of 5years, but the difference disappeared at the age of 6. A similar
observation was made by Schiler (2007): the faces of girls between
the ages of three and four and a half years appear to be chubbier and
shorter than the faces of boys, but this proportion changes at approx-
imately 5years. These observations emphasize the clear differences in
timing of development of the two sexes that exist well before puberty.

Though CT data have been employed for describing mid-facial
growth in numerous, mainly medical, studies, most of them cover

only limited periods of ontogeny and a limited number of dimensions
related to a particular anatomical region (e.g. Contencin et al., 1999;
Likus et al., 2014; Pool et al., 2016). Importantly, in most of those
studies the sexes are pooled, or the question of SD is not directly
addressed. Thus, the need for new data to address the ontogeny of
SD and establish methods for juvenile sex estimation was empha-
sized in a recent review (Wilson, Humphrey, 2017; see also Niemann
et al.,, 2021). This study is based on a large sample of high-resolution
CT scans comprehensively covering the earliest stages of postnatal
growth and employing a set of measurements representing the main
aspects of mid-face morphology. As it was initially collected as 3D
landmark configurations, our dataset can be further explored by var-
ious methods and from different points of view.

Besides the contribution to basic knowledge on the ontogeny of
human SD mentioned above, there are some practical implications of the
results obtained in the present study. First, the mean values and ranges
of variation of different mid-facial dimensions are important from the
point of view of craniofacial treatment planning and evaluation of results
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in medical practice (see the Section 1). Such values established for a large
sample of healthy children provide reference for evaluation of both the
degree to which a pathological condition is manifested morphologically
before treatment and how much it has been improved during the treat-
ment. As many dimensions display substantial SD, it is often necessary
to use separate standards for males and females. Second, the metrical
data can be employed to improve the methods of sexing non-adult indi-
viduals though this requires extensive future research.

Importantly, our results were obtained for a single, though quite
diverse, sample of West Eurasian population and might thus be lim-
ited in terms of using these standards for populations of different
origin (see Vidarsdottir, 1999). The question of intergroup variation
of the ontogeny of mid-facial SD remains a prospective avenue for

future research.
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