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summary - 7his study aims to carry out the first geometric morphometric analysis of the 3D size and shape
of the full series of cervical vertebrae delving into variability related to sex and population background. For this
reason, we analyzed the cervical vertebrae of both males and females belonging to Europeans, Africans, and
Greenland Inuit. We 3D-scanned a rotal of 219 cervical vertebrae of males and females of three different modern

human populations (European, African, and Inuit). A minimum of 72 landmarks and curve semilandmarks were
positioned in each of the 3D vertebral models. Landmark configurations were analyzed following the standards of
3D Geometric Morphometrics to test for size and shape differences related to sex or population variation. Results
show that male cervical vertebrae are consistently larger than in _females while no regular shape differences are
observed between males and females in any of the populations. Sex differences in cervical lordosis are thus not
supported at the skeletal level of the 3D shape. On the other hand, there is no evidence for population-specific
differences in size while shape does vary considerably, possibly also in relation to eco-geographic factors of overall
trunk shape. Cervical vertebrae in cold-adapted Inuit were consistently shorter than in Europeans and Afvicans.

The cervical spine may show a different pattern than the thoracic and lumbar spine, which might be related
to stronger integration with the cranium, head mobility and sofi-tissue dependence. Our findings suggest that
morpho-functional interpretations of the cervical spine based on vertebral skeletal morphology requires caution.

Keywords - Atlas, Axis, Subaxial, Furopean, African, Inuit.

Introduction cervical spine (Netter 2008). Despite this impor-
tance of the cervical vertebrae, its morphological

The cervical spine connects the cranium with 3D variation within modern humans is not well

the postcranial skeleton and thus, it is an impor-
tant anatomical region of the human body, being
responsible for maintaining the visual field and its
integration with the head and body posture (Strait
and Ross 1999). Besides, several muscles of the
neck, upper limbs, and trunk are attached to the

known. While recently several studies have been
focused on the variability of the cervical vertebrae
within fossil hominins and non-human primates
(Arlegi et al. 2017; Beaudet et al. 2020; Gémez-
Olivencia et al. 2013; Grider-Potter et al. 2020;
Meyer 2016; Nalley and Grider-Potter 2015,
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2017; Palancar et al. 2020a,b), and even some
limited 2D geometric morphometric analyses
have explored shape variation of the cervical unci-
nate processes (Meyer et al. 2017, 2018), the 3D
shape variation of the extant human cervical ver-
tebrae remains uncertain. A recent study (Palancar
et al. 2020b) has identified differences in the ori-
entation of the articular facets in Neandertals and
modern humans, yet without knowledge about
ranges of variation in different modern human
populations, the functional interpretation of fossil
evidence is difficult. Thus, better knowledge about
the 3D variability in extant humans is important
for the interpretation of the cervical morphology
of fossil hominins. In this context, primary bio-
logical factors of variation such as geographic ori-
gin or sexual dimorphism are relatively unknown
and no study has yet addressed the 3D features
of cervical subaxial variation in this respect. For
this reason, the main objective of this study is to
increase our knowledge about the human cervi-
cal vertebrae 3D variability, taking into account
sexual dimorphism and population variations.
Few studies have analyzed variation in cer-
vical vertebrac morphology within  H. sapi-
ens. Regarding the sexual dimorphism, several
authors performed statistical analyses to deter-
mine the sex of an individual through cervical
vertebrae linear measurements (Reverte-Coma
1999; Marino,1995; Del Rio and Sinchez 1997;
Del Rio et al. 2000; Wescott 2000; Medina et
al. 2011; Gama et al. 2015). These studies have
shown that size is a good sex discriminator but no
shape differences were studied. However, more
recently, Been et al. (2017) measured the lordo-
sis of the entire cervical spine in radiographs of
both males and females and concluded that the
internal architecture of the cervical spine varies
within sexes, with males showing a smaller upper
(C1-C3) and higher lower cervical lordosis than
females. This likely implies differences in the 3D
structures of cervical vertebrae or suggest at least
differences in the intervertebral disc morphology.
In addition, Pan et al. (2018) found kinematic dif-
ferences between males and females in the cervi-
cal region; specifically, they found that the range
of motion of females was greater, although the

difference in ranges between sexes varied with the
age. For example, males and females in their 20s
did not present differences in the range of motion,
while females in their 30ies and 40ies presented
a greater range of motion for flexo-extension and
rotation movements than males of the same age
group (Pan et al. 2018). Contrary to Pan et al.’s
results, Lind et al. (1989) found that males had
more extension, lateral bending, and rotation than
females. The possible differences in the ranges of
motion between sexes remain unclear. All these
studies reveal the necessity of analyzing the sexual
dimorphism of 3D size and shape in vertebral
morphology, because the skeletal morphology,
musculature, and ranges of motion are supposed
to be highly related to each other (Bogduk and
Mercer 2000; Mercer and Bogduk 2001).
However, all of these studies were based on
linear measurements or ranges of motion and
did not quantify the 3D shape of the cervi-
cal vertebraec morphology and thus, the sexual
dimorphism in 3D shape and size is not clear.
Nonetheless, in both the thoracic and the lum-
bar vertebrae the entire 3D shape variation has
been analyzed concerning sex (Bastiret al. 2014;
Lois-Zlolniski et al. 2019). Thoracic vertebrae
of males show more dorsally oriented transverse
processes, relatively larger vertebral bodies, and
caudally oriented spinous processes than females,
although this pattern is not equal in every tho-
racic level (Bastir et al. 2014). Regarding the
lumbar spines, they are relatively narrower
and craniocaudally elongated in females (Lois-
Zlolniski et al. 2019). The spine, as the principal
axis of the axial skeleton, is also the central pillar
of the torso (thorax, lumbar spine, and pelvis),
which connects the spine with ribs and pelvis.
As an anatomical complex, the torso shows
sexual dimorphism in 3D size and shape with
larger males than females and with females hav-
ing narrower thoraces and wider pelvis than the
males (Torres-Tamayo et al. 2018a). Regarding
the ribcage morphology, Garcia-Martinez et al.
(2016) also found statistical differences between
sexes when analyzing the 3D shape with males
showing wider, lower ribcages than females.
Fischer and Mitteroecker (2017) analyzed more
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recently with 3D geometric morphometric the
human pelvis shape variation in relation to sex
and found a clear differentiation between sexes in
the 3D morphology. All this evidence indicates
that the cervical spine is the only anatomical
region of the axial skeleton and related regions
(the torso) that have not yet been analyzed under
the focus of sexual dimorphism in a 3D perspec-
tive. One aim of this study is to fill this gap of
knowledge.

We also investigate 3D shape variation
related to potential differences between popu-
lations, a factor that to the best of our knowl-
edge has not at all been addressed in cervical
vertebrae. To date, only the prevalence of bifid
spinous processes in subaxial cervical vertebrae
(Duray et al. 1999; Asvat 2012) and eight met-
ric distances of the atlas (Marino 1997; Swenson
2013) have been analyzed under the focus of
population variability. Nevertheless, as occur-
ring with sexual dimorphism, other anatomi-
cal structures related to the axial skeleton have
been analyzed in this sense. Lois-Zlolniski et al.
(2019) concluded that the population affects
the morphology of the lumbar spine, with their
Mediterranean sample being more lordotic than
their South African sample. Geographic variation
is very well studied in the craniofacial system.
The entire cranium (Harvati and Weaver 20006;
Galland and Friess 2016) the cranial base and
mandible (Kuroe et al. 2004; Bastiret al. 2004),
and the foramen magnum (Zdilla et al. 2017)
show all different morphologies depending on
the geographic and genetic origin of the indi-
vidual. Taking this into account and the fact that
craniofacial morphology, head posture, and cer-
vical spine are highly related (Solow et al. 1984;
Solow and Tallgren 1971, 1976; Tallgren and
Solow 1987), it is likely that the cervical verte-
brae of different populations will also show such
significant patterns of variation. Preliminary
analyses on C7 (Palancar et al. 2019) seem to
support this hypothesis. However, no studies
have yet been performed in detail and in the
entire subaxial series to address this hypothesis.
For this reason, we test here the possible differ-
ences of the cervical spine morphology between

three different modern human populations:
Africans, Europeans, and Inuit.

Besides the possible differences in the cervical
spine due to population variations and genetic
drift, a possible eco-geographic variability of this
structure is also interesting. According to the
classic rules postulated by Allen and Bergmann
(Allen 1877; Bergmann 1847), the surface/
volume ratio of the animals varies depending
on the temperature of the habitat of endother-
mic mammals and their associated energetic
demands. More recently, several studies have
tested Allen’s and Bergmann’s rules for humans
adapted to extreme climatic habitats (Foster and
Collard 2013; Holliday 1997, 1999; Holliday
and Hilton 2010; Holliday and Ruff 2001;
Katzmarzyk and Leonard 1998; Pearson 2000;
Roseman and Auerbach 2015; Ruff 1991, 1994,
2002; Ruff and Walker 1993; Ruff et al. 2005;
Trinkaus 1981). For example, Garcia-Martinez
et al. (2018) concluded that the rib size and
curvature are related to the latitude of the popu-
lation, with ribs being longer in populations
inhabiting high latitudes than the populations
inhabiting areas near the equator. Longer and
differently curved ribs could indicate a wider and
deeper chest and a stockier body shape in Inuit.
Adaptations are also observed at the level of the
respiratory system function (Evteev et al. 2014)
and overall body shape: tall, narrow bodies are
better suited to heat dissipation than shorter and
stockier (shorter and wider) bodies, which are
better at heat retention (Ruff 1991, 1994, 2002).
A relatively shorter spine (all segments) could be
thus expected in cold-adapted humans in this
eco-geographic context.

Even so, the above-mentioned works were
focused on the limbs, the ribs, or the general
bauplan and so the effect that this potential
eco-geographic adaptation could have on the
morphology of the cervical spine of modern
humans remains unknown. Its possible adapta-
tion, being the first segment of the postcranial
skeleton and having a close relationship with the
upper airways (Muto et al. 2002), has a great
interest under the focus of breathing skills and
energetic demands.
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Objective and hypotheses

This study aims to carry out the first geo-
metric morphometric analysis of the 3D size and
shape of the full series of cervical vertebrae delv-
ing into variability related to sex and population
background. For this reason, we analyzed the cer-
vical vertebrae of both males and females belong-
ing to three different populations: Europeans,
Africans, and Greenland Inuit. Taking into
account the aforementioned information, we are
testing two main hypotheses here:
Hypothesis 1: both size and shape of the cervi-
cal vertebrae will differ between sexes. As several
studies have demonstrated that it is possible to
determine the sex of an individual through lin-
ear measurements taken in the cervical verte-
brae (Reverte-Coma 1999; Marino 1995; Del
Rio and Sinchez 1997; Del Rio et al. 2000;
Wescott 2000; Medina et al. 2011; Gama 2012)
we expect to find differences in the size between
males and females. Regarding the shape, both the
cervical lordosis and the range of motion varies
between sexes (Been et al. 2017; Pan et al. 2018)
and as far as these features are influenced by the
bony morphology, sexual shape dimorphism can
be expected.
Hypothesis 2: both size and shape of the cer-
vical vertebrae will vary between populations
(African, European, and Inuit). The cranium
presents the size and shape variability within
populations (Galland and Friess 2016; Kuroe et
al. 2004; Zdilla et al. 2017) and thus, we expect
to obtain similar results in the anatomical region
supporting the cranium, highly related both
functionally and developmentally. Besides, the
eco-geographic adaptation of the Inuit popula-
tion in the ribs (Garcfa-Martinez et al. 2018)
together with the climatic adaptation that has
been also found in the cranium (Harvati and
Weaver 2006; Galland and Friess 2016) led us
to hypothesize that the vertebrae of the cervi-
cal spine will be shorter in the Inuit population
than in the African and European population.
Regarding the two latter populations, differences
between them are also expected as the entire
torso showed a different morphology in Sub-
Saharan African and Mediterranean populations

studied by Torres-Tamayo et al. (2018b). The
Mediterranean population was slenderer than the
Sub-Saharan African population (Torres-Tamayo
et al. 2018b). Due to the close anatomical rela-
tionship, the cervical spine could also present
shape differences between these populations.

Methods

Sample composition

A total of 219 cervical vertebrae were meas-
ured from different osteological collections (Tab.
1). The European sample (N = 76) was obtained
from the osteological collection of the Escuela
de Medicina Legal (Universidad Complutense
de Madrid, Spain). The African sample (N =
67) is an archaeological sample (15%-17% cen-
turies) of enslaved individuals, most likely from
the Gulf of Guinea region, exhumed from Valle
da Gafaria site (Lagos, Portugal) (Ferreira et al.
2019; Wasterlain et al. 2016) that is housed at
Dryas Octopetala (Coimbra, Portugal). The
Inuit sample (N = 76) was obtained from two
different collections: Greenland Inuit housed at
the Panum Institute (Faculty of Health Sciences,
University of Copenhaguen, Denmark) and
Alaskan Inuit housed at the American Museum
of Natural History (New York, USA). All the
specimens were documented in terms of age-at-
death and sex. To balance the sample, the num-
ber of vertebrae per level, sex, and the popu-
lation is the most equal possible. None of the
vertebrae used in this study presented any patho-
logical condition affecting its morphology. The
difficulty of determining the level of isolated
subaxial cervical vertebrae is high. However, all
the individuals analyzed in this study preserved
the entire cervical spine (except 12 that only
preserved the atlas) and thus, the determination
of the cervical level was possible by manually
assembling the cervical vertebrae using the fit of
their interarticular facets.

Landmark templates of digitization
Both the atlas (C1) and the axis (C2) are

atypical cervical vertebrae as they present unique
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Tab. 1 - Sample composition.

POPULATION SEX OSTEOLOGICAL COLLECTION Cl1 C2 C3 C4 C5 C6 C7 TOTAL
Europeans Male Madrid, Spain* 8 5 5 5 5 5 5 38
Female Madrid, Spain* 8 5 5 5 5 5 5 38
Africans Male Coimbra, Portugal? 4 5 4 5 5 5 5 33
Female Coimbra, Portugal? 4 5 5 5 5 5 5 34
Inuit Male New York, USA3 8 5 5 5 5 5 5 38
Copenhagen, Denmark*
Female New York, USA3 8 5 5 5 5 5 5 38
Copenhagen, Denmark*
Total Male 20 15 14 15 15 15 15 109
Female 20 15 15 15 15 15 15 110

! Universidad Complutense de Madrid.
2 Dryas Octopetala.
> American Museum of Natural History.

# University of Copenhagen.

features and morphologies. The atlas lacks any
vertebral body or spinous process and the axis pos-
sess the dens and thus, they are not usually ana-
lyzed together with the subaxial cervical vertebrae
(C3-C7) (Gémez-Olivencia et al. 2013; Nalley
and Grider-Potter 2015, 2017), which present
homologous features (Kapandji 1974; White and
Panjabi 1990). Due to this morphological vari-
ability within the cervical vertebrae, this study has
been carried out through three different templates
of digitization, depending on the analyzed verte-
bra (Fig. 1, Supplementary Material Tab. 1, 2, and
3). 119 landmarks and semilandmarks were taken
in each atlas, while 72 in each axis and 89 in each
subaxial cervical vertebra.

Data acquisition

All data were obtained following standard
workflows in vircual morphological methods
described by Bastir et al. (2019). Firstly, the

vertebrae were scanned with a high-resolution
Artec Space Spider 3D surface scanner based
on blue light technology (Artec Spider, Artec
Group, Luxembourg). Post-processing of the
scans (cleaning, smoothing, and aligning) was
performed in Artec Studio software version 12.
Finally, the 3D surface models were imported
into Viewbox software version 4.0 (dHAL,
Kiffisia, Greece) to collect the coordinates of the
landmarks and semilandmarks of the curve fol-
lowing the three different templates of digitiza-
tion. Semilandmarks were re-slid along tangents
to their corresponding curves, following a proto-
col that minimizes bending energy between the
full mean shape and the shape of each vertebra
(Gunz et al. 2005; Gunz and Mitteroecker 2013).

Landmark and semilandmark configurations
were iteratively translated to a common origin,
scaled to unit centroid size, and rotated to mini-
mize the Procrustes distance between homologous
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Superior

Anterior Lateral

Fig. 1 - Templates of digitization of atlas (up), axis (middle), and subaxial (bottom) vertebrae in left
lateral view. Red: landmarks; Blue: curve semilandmarks.

landmarks following the Generalized Procrustes
analysis (GPA) (Gower 1975; Bookstein 1991).
This analysis yielded Procrustes shape coordinates
that were further analyzed by multivariate statisti-
cal shape analyses (O’Higgins 2000). Shape differ-
ences can be assessed using Procrustes distances,
defined as the square root of the summed squared
distances between Procrustes registered land-
mark configurations and their shape coordinates
(O’Higgins 2000; Gunz et al. 2009; Mitteroecker
and Gunz 2009).

Hypotheses testing

Hypothesis 1. Variation concerning sex several
regression analyses using the sex of the individu-
als as a dummy variable (Hardy 1993) were car-
ried out to determine possible differences in the

vertebral shape and size between sexes and their
amount of explained variance. Consequently, two
types of regression were performed: Procrustes
shape coordinates vs sex; and Centroid size vs sex.
These regressions were performed in the entire
sample, by population, and by levels of the cervi-
cal vertebrae to observe whether the possible mor-
phological or size differences are general or specific
of any population or level. Therefore, a total of 32
Dummy regressions were carried against the null
hypothesis of no sexual dimorphism.

Hypothesis 2. Variation in relation to population.
As the population variable has three different cat-
egories (African, European, and Inuit), it is not
possible to perform dummy regressions (Hardy
1993). For this reason, to test the H2, a per-
mutation test (1000 permutations) for pairwise
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Procrustes distances among groups (Klingenberg
and Monteiro 2005) was performed to observe
whether there are differences in the vertebral shape
between populations. To test the possible size dif-
ferences between Africans, Europeans, and Inuit,
an ANOVA or Kruskal-Wallis test (depending on
the normality of the sample) was carried out. Both
permutations and ANOVA tests were carried out
in the entire sample and by levels of the cervical
vertebrae to observe whether the possible mor-
phological and size differences are general of the
cervical spine or specific of any level. Therefore, a
total of 24 permutation tests were made to quan-
tify possible population variation.

Both dummy regressions (H1) and permuta-
tion tests (H2) were executed in Morpho] soft-
ware version 1.02 (Klingenberg 2011). ANOVA
and Kruskal-Wallis tests (H2) were performed in
Past version 3 (Hammer et al. 2001). To identify
the possible morphological meaning of statistical
differences, group mean shapes were generated
by Morpho] software and their 3D visualiza-
tions — based on Thin Plate Spline interpolation
(Bookstein 1991) — were produced by Evan Toolkit

software version 1.7 1www.evan-society.com.

Results

Variation in relation to sex

Table 2 shows that the relation between the
vertebral morphology and the sex is weak, as only
three out of 32 regressions are statistically signifi-
cant. In fact, there is only statistical significance
on the axis in the European populations and at
the level of C5 in both the European and African
populations. Figure 2 shows the mean shapes of
the axis vertebrae of European males and females.
Figure 3 shows the mean shapes of the C5 verte-
brae of European and African males and females.
Interestingly, the dimorphism pattern at the fifth
cervical vertebra is different between populations.
While in Africans the males present relatively
shorter vertebral bodies, in Europeans the male
bodies are relatively taller. In the European popu-
lation, the spinous process is relatively shorter and
more caudally oriented in the females, while in

the African population, the females present a rela-
tively longer and more cranially oriented spinous
process than the males. The neural canal seems
similarly relatively larger in females than in males
in both populations.

Table 3 shows the results of the dummy regres-
sions between the Centroid size and the sex vari-
able. As shown, the relation between the Centroid
size and the sex is strong (27 out of 32 are sta-
tistically significant). Taking into account all
populations, sex affects size differences at all levels.
However, splitting into populations, show that the
European population shows fewer differences in
size, like C3, C5, and C6 do not present statistical
significance. Both Africans and Inuit show statis-
tically significant differences at every level except
one (C1 in Africans and C2 in Inuit).

Variation in relation to population

Regarding the relation between the vertebral
shape and the differences between populations,
we obtained very different results, as 23 out of
24 permutations tests were significant (Tab. 4).
Significant differences were found between all
populations taking into account all the cervical
vertebrae and by levels, except for the case of C7,
where no differences were found between African
and European populations. Figures 4, 5, and 6
show the mean shapes of vertebrae of each popu-
lation to clarify the differences. The atlas shows
great variability in the posterior tubercle, being
the most developed in Africans and only slightly
visible in Inuit. The superior articular facets are
also different between populations: Europeans
have the most concave ones and the Africans the
flactest. The maximum height of the atas is not
different between populations. Figure 2 shows the
axis variability within populations: the spinous
process of Europeans is the longest, while the Inuit
have the shortest spinous process. The orientation
of the dens of the axis is also different between
populations, being more vertically oriented rela-
tive to the arch in Europeans and Inuit than in
Africans. The vertebral body is more concave in
Europeans and relatively flatter in Inuit. Regarding
the population variability on the subaxial cervical
vertebrae (Fig. 6), differences are mainly focused
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Tab. 2 - Predicted values of the Dummy regressions between the Procrustes shape coordinates and

the sex.

C1 c2 c3 c4 Cc5 cé c7 C3-C7
ALL POPULATIONS 2.38 3.8 5.47* 4.44 5.15" 3.51 3.19 1.42"
EUROPEANS 5.82 18.96" 17.57* 14.33 14.9™ 10.66 12.53 3.70"
AFRICANS 9.92 7.14 12.71 13.68 20.06™ 11.7 12.21 4.08"
INUIT 8.75 13 10.5 9.16 12.32 11.29 8.7 2.01

*=p<0.1; ¥* =p < 0.05; ** =p<0.01

Tab. 3 - Predicted values of the Dummy regressions between the Centroid size and the sex.

C1 c2 c3 C4 C5 (o[} c7 C3-C7
ALL POPULATIONS 39.57°" 46.44" 50.46™"  56.55" 53.91"" 50.17° 58.74™" 24.96™"
EUROPEANS 49.107 51.85™ 31.94" 46.04™ 39.17" 38.01" 57.81" 17.43™
AFRICANS 33.29 64.99"™ 68.94" 68.39" 65.19™" 60.41"" 68.81""" 36.13™"
INUIT 40.68" 34.46" 63.37" 64.87""" 58.05™ 52.73™ 59.46™ 22.16™"
‘=p<0.1; "=p<0.05 """ =p<0.01
Superior Inferior Anterior Lateral

European
Female

European
Male

Fig. 2 - Mean shape of the axis vertebra of both males and females of the European population.
Differences are focused on the size of the vertebral canal (greater in males), the size of the vertebral
body (greater in males), the length of the spinous process (greater in females), and the orientation
of the inferior articular facets (more posteriorly oriented in males).

104




3D-GM of the human cervical vertebrae

Tab. 4 - Results of the Procrustes distance analyses between populations.

C1 Cc2
African European African European
European 0,0528"" European 0,0663""
Inuit 0,0563™" 0,0388™" Inuit 0,0681"* 0,0683™"
c3 ca
African European African European
European 0,0688"" European 0,0777"
Inuit 0,0687"" 0,0918™ Inuit 0,0597" 0,0927
C5 Ccé
African European African European
European 0,0834"" European 0,0756™"
Inuit 0,074 0,0947 Inuit 0,0834" 0,0885""
c7 C3-C7
African European African European
European 0,0509 European 0,0593***
Inuit 0,0674™" 0,072 Inuit 0,053%** 0,0768"

""=p < 0.01. The p-values are result of the permutation tests of pairwise Procrustes distances between groups.

on the relative vertebral body widths and length,
the spinous process length and orientation, and
the laminae height. The laminae height is highly
related to the vertebral body height, and both pre-
sent their maximum in the European population
and its minimum in the Inuit population. The
vertebral body in the coronal plane is the relatively
widest in the Inuit population and the narrow-
est in the European one. The uncinate process of
Europeans is the relatively highest and Inuit pre-
sent the lowest. The spinous process is the longest
and the most caudally oriented in the European
population and the shortest and most cranially
oriented in the Inuit one. This spinous process
is the widest in Europeans and the narrowest in
Africans. In addition, as Table 4 reveals, taking
into account all the subaxial cervical vertebrae,
the European population is the most different
as indicated by the greatest Procrustes distances

between the Europeans and the other two popula-
tion means.

Regarding the ANOVA/Kruskal Wallis tests
performed on the Centroid Size, none of the lev-
els present differences in CS by populations (Tab.
5). The result is neither significant taking into
account all the cervical vertebrae (C3-C7). Figure
7 shows the Centroid size distribution of the
means in a box and jitter plot. The African popu-
lation shows greater variability in size at every ver-
tebral level except for the atlas and axis.

Discussion

To the best of our knowledge, this is the
most comprehensive study delving into the 3D
size and shape variability of the modern human
cervical vertebrae. As shown by our results, the
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Tab. 5 - Results of the ANOVA and Kruskal-
Wallis tests to study the effect of the population
on the size

TEST P F DF H2

C1 ANOVA 0.29 1.273 2 ---

c2 ANOVA 0.35 1.07 2 -

c3 ANOVA 0.74 0.3022 2 ---

c4 ANOVA 0.94 0.05428 2 S

C5 ANOVA 0.95 0.05255 2 -

cé Kruskal- 0.8 = m= 0.4439
Wallis

c7 ANOVA 0.95 0.04515 2 ---

C3-C7 Kruskal- 0.89 --- --- 0.2287
Wallis

shape variability of the human lower cervical
spine is strongly related to the population factor,
while the sexual dimorphism only affects the size
of the vertebrae but not its 3D shape.

Variation in relation to sex

In both extant and extinct hominins, a com-
mon factor of variability between sexes is the size,
being normally greater in males than in females
both in craniofacial (Bastir et al. 2011; Bulygina
et al. 2006; Garvin 2020; Hall 2005; Rosas and
Bastir 2002; Rosas et al. 2002) and postcranial
levels (Arsuaga and Carretero 1994; Bastir et al.
2014; Carlson et al. 2007; Gama et al. 2015;
Kranioti and Michalodimitrakis 2009; Navega
et al. 2015; Reno et al. 2003; Rosas et al. 2015;
Ruff 1987; Stock 2020). The cervical spine is no
exception in this sense: males have larger cervi-
cal vertebrae than the females at all studied lev-
els (Tab. 3), as is also shown in previous studies
of extant data (Reverte-Coma 1999; Marino
1995; Del Rio and Sdnchez 1997; Del Rio et al.
2000; Wescott 2000; Medina et al. 2011; Gama
2012) and also in fossils: Australopithecus afaren-
sis present sex differences in cervical vertebra size
(KSD-VP-1/1 vs A.L. 333-106: Meyer, 2016).
However, the shape factor does not follow the
pattern observed in the axial and torso bones.

Contrary to our expectations, cervical vertebrae
do not present sexual shape dimorphism (Tab. 2,
Supplementary Material Fig. 1), being the cervical
spine the only region of the axial skeleton whose
shape is not influenced by the sex (Bastir et al.
2014; Fischer and Mitteroecker 2017; Garcia-
Martinez et al. 2016; Scholtz et al. 2010; Lois-
Zlolniski et al. 2019). The thoracic vertebrae and
ribcage sexual dimorphism have been related to
different factors related to trunk shape and breath-
ing patterns (Bastir et al. 2014; Garcia-Martinez
et al. 2016, 2019; Torres-Tamayo et al. 2018a)
while the lumbar spine and pelvic sexual dimor-
phism are related to obstetric factors (Fischer and
Mitteroecker 2017; Lois-Zlolniski et al. 2019).
Differences between sexes in the scapular girdle
may be the result of differences in physical activ-
ity and muscle development (Scholtz et al. 2010).
Although several muscles of the neck, trunk, and
upper limbs are also attached at the cervical ver-
tebrae, the different development of these muscles
between sexes does not seem to modify the mor-
phology of the cervical vertebrae to the point of
being detected as sexual 3D shape dimorphism.
Regarding the important function of the neck as
the load bearer of the cranium, the relative weight
of the cranium compared to the total body weight
is the same in males and females (Williams 2002)
and thus, the relative strength of the cervical spine
is likely to be relatively equal in both the sexes.
Besides, the cranial base does not present differ-
ences between sexes (Bigoni et al. 2010, but see
Bruner and Ripani 2008) and developmentally,
the cranial base and the cervical spine are highly
related (Cunningham et al. 2016), with similar
Hox genes expressions during their development
(Carpenter 2002).

The result of the different sexual dimorphism
patterns found in the fifth cervical vertebrae of
Europeans and Africans (Fig. 3) supports the
result of no general sexual dimorphism in all cer-
vical vertebrae and populations. Whether both
European and African populations had presented
the same pattern in the fifth vertebrae, we could
suggest that the sexual dimorphism is lower in
the other levels and we have not perceived it.
Conversely, African and European patterns of
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Fig. 3 - Mean shape of the fifth cervical vertebra of both males and females of European and African
populations. Differences are focused on the vertebral body height and width, neural canal area,
uncinate process height, and the spinous process length and orientation.

sexual dimorphism differ, which implies that the
population and not the sex is the principal factor
of shape variability in the cervical vertebrae.
Taking into account that previous stud-
ies have shown differences between sexes in the
curvature and ranges of motion of the cervical
region (Been et al. 2017; Pan et al. 2018), the
absence of differences including body wedging
(Supplementary Material Fig. 2) suggests that
the soft tissues (and not the bony structure)
relate the lordosis and mobility of the neck.
This is in line with recent work performed in
several Primates, which concluded that the
relation between the bony morphology (linear

dimensions) and the ranges of motion (unilin-
ear movements) of the neck was extremely weak
(Grider-Potter et al. 2020). These authors sug-
gested that the ligaments rather than the bony
morphology limited the mobility of the cervical
vertebrae. Regarding the curvature of the cervical
spine and its differences between sexes, the pre-
sent study supports the works of Meyer (Meyer
2016; Meyer and Williams 2019), suggesting
that the intervertebral discs wedging explain the
lordosis better than the vertebral body shape or
the orientation of the articular facets, the cervical
wedging being kyphotic (except C2, Meyer and
Williams 2019).
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Fig. 4 - Mean shapes of the atlas vertebrae by populations. Differences are focused on both ante-
rior and posterior tubercles, superior articular facets, and neural canal. The posterior tubercle is
much developed in Africans and slightly visible in Inuit. The anterior tubercle is caudally oriented in
Africans. Europeans have the most concave superior articular facets and the Africans the flattest ones.
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Fig. 5 - Mean shapes of the axis vertebrae by populations. The spinous process of Europeans is the
longest, while the Inuit have the shortest spinous process. The orientation of the dens of the axis is
also different between populations, vertically oriented in Europeans and Inuit and more inclined in
Africans. The vertebral body is more concave in Europeans and flatter in Inuit.
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Fig. 6 - Mean shapes of the subaxial cervical vertebrae by populations. Differences are focused on
the vertebral body height and width and the spinous process length and orientation.

Variation in relation to population

The second hypothesis is supported, as the
geographic and genetic origin is a factor of shape
variability of the cervical vertebrae. As expected,
the three populations present notable differences
between each other. A gradient can be established,
indeed, between the three populations in several fea-
tures of subaxial vertebrae, i.e., the Inuit population
has the lowest relative vertebral body height and the
most horizontally oriented spinous processes, while
Europeans show the tallest vertebral bodies and the
least horizontally oriented spinous processes (Fig.
6). The fact that the different shape of Inuit points
to a relatively shorter and wider morphology of the
cervical spine, could suggest that this structure is
eco-geographically adapted in this population. This
could be related to the different morphology of the
thorax, which is also shorter and wider in high lati-
tude populations like the Inuit (Garcia-Martinez et
al. 2018). The close relationship between the lowest
cervical vertebrae with the thorax and the morpho-
logical (Hox) integration of the entire spine may
lead to a different pattern of variability also in the
neck. This way, the possible relation between the

cervical spine morphology, the upper airways, and
the breathing skills is reinforced.

This can seem contradicted with the result of
the centroid size analysis (Fig. 7), where no dif-
ferences in the size of the vertebrae were detected
between populations (Tab. 5). Following the results
of Garcfa-Martinez et al. (2018), where they also
obtained differences in the size of the ribs depend-
ing on the latitude of the population, the cervi-
cal spine would show different sizes if it was eco-
geographically adapted. Even so, centroid size in
geometric morphometrics is a size estimator that
allows for similar values in structures with differ-
ent surface/volume ratios. It is not the size but this
ratio, which is important for the understanding of
Allen and Bergmann's rules. Inuit’s cervical verte-
brae can present the same centroid size as Africans
and Europeans but their surface/volume is different
as they have a shorter and wider morphology.

Regarding the population variation presented
in the atlas and axis vertebrae, the patterns are not
so clear. In this case, the different morphology of
the cranium (Galland and Friess 2016; Kuroe et
al. 2004) may lead to differences in the center of
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Fig. 7 - Box and violin plots of the Centroid size
by populations. Y-axis corresponds to the CS
values (in mm.). As shown, none of the levels
present differences in the means. Within the
vertebrae, the atlas and axis are the most vari-
ables in size while within populations, it is the
African one the most variable.

gravity of the skull and thus, implying differences
in the internal architecture of the structure bearing
it. It has been suggested that in Neandertals the cer-
vical morphology and lordosis could be different
to compensate for the loading of the antero-pos-
teriorly elongated cranial base in this species (Been
et al. 2019; Gémez-Olivencia et al. 2013; Palancar
et al. 2020b). Same way, in modern humans, the
basicranium shape changes between populations

(Kuroe et al. 2004) and could be influencing the
upper cervical vertebrae morphological variation.
In fact, the superior articular facets morphology
and orientation of atlas vertebrae vary between the
three populations (Fig. 3) as well as the orientation
of the dens of the axis (Fig. 5). These variations
could be related to the different static circum-
stances and needs between populations.

In regards to the differences between Europeans
and Africans, the vertebral body height (C3-C7)
and the total vertebral height (C1-C7) are greater
in Europeans than in Africans. This is probably
related to the fact that the architecture of the entire
torso and body shape in Africans is different: some
studies have shown Africans have longer legs but
shorter and deeper torsos than Europeans (Holliday
and Hilton 2010; Ruff 1991; Torres-Tamayo et al.
2018b). The cervical spine seems to share this pat-
tern of shortening of the spine and torso in Africans.

Whether these shape differences between
populations are observable during earlier stages
of the ontogeny or they appear in the adults is
an interesting focus for future works under both
evolutionary and functional perspectives.

Conclusions

This study reveals the lack of sexual dimor-
phism of 3D shape in cervical vertebrae, contrary
to the findings in other regions of the axial skeleton.
The fact that functional differences between sexes,
such as in the mobility or lordosis, have been found
in the cervical segment but no shape differences are
shown, point to a weak relationship of the bony
structure of the cervical spine with its functional-
ity. It seems probable that the soft tissues (ligaments
and intervertebral discs) affect mobility and curva-
ture of the cervical spine more than the hard tissue.
Regarding the population variation, it seems that
the cervical vertebrae morphological variations are
related to differences in the cranium or the tho-
rax. Besides, possible eco-geographic adaptation
has been identified in the Inuit population, as this
population presents shorter and wider subaxial cer-
vical vertebrae, similar to the morphology observed
in the thorax in previous studies.
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