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Abstract

This thesis assesses craniofacial growth, development and the dynamics of
developmental interactions among cranial regions in modern humans and Neanderthals.
To these ends, virtual segmentation, landmarking and Geometric Morphometrics (GM)
are applied to an ontogenetic series of the whole crania of 68 H. sapiens and 12 H.
neanderthalensis. First, the ontogenetic shape and form changes in the cranial vault, base
and face are explored, and the locations and magnitudes of these changes are discussed.
Secondly, allometric scaling is tested for differences among different age classes in the
three regions of the cranium. In addition, the degree of covariation among these and how

it changes over time is investigated.

The study then focuses on interactions among facial regions. First, similar analyses as
those used in the study of the cranium are applied to compare growth, development and
covariation among parts of the face in different age classes. Additionally, a sample of 227
modern humans from 0 to 6 years of age is analysed using path analysis, to investigate
the cascade of interactions and relative contributions of soft tissue and skeletal elements
to the overall growth and development of the face. Last, the facial morphology of H.
sapiens is compared to that of H. neanderthalensis and their ontogenetic trajectories are
tested for divergence. Novel method registration-free colour maps are used to visualise
regional changes during growth and development and to compare the morphologies of
the two species. Covariation among facial elements is also compared to assess potential
differences in developmental interactions. In modern humans, the results show that
allometry and covariation change significantly among age classes and between cranial
regions during ontogeny and that covariation is stronger in younger subadults than in
older subadults and adults. Among modern humans, significantly divergent trajectories
are observed between age classes during ontogeny in all three cranial regions. In the
modern human face, allometric scaling also differs among age stages in each region.
Interestingly, covariation among facial regions becomes progressively non-significant
with time, with the exception of those including the nose and maxilla. Path analysis in
modern humans shows a large contribution of the proxy used for nasal septum to the
overall facial development. Soft tissues contribute only locally to the development of

some skeletal elements of the face. Major aspects of the differences between adult



modern humans and Neanderthals are already present in the youngest individuals.
However, additional differences arise through differences in the degree of change in
facial size and significantly divergent allometric trajectories. Analyses of covariation
among Neanderthal facial regions suffer from small sample size but, where significant,
suggest that the interactions among cranial components are similar to those in modern

humans, with some differences.
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1.0 Introduction



The facial complex hosts important sensory organs and structures of great functional
relevance such as our visual, respiratory and masticatory systems. Together, all its
components form a developmental unit that is morphologically connected to and
influenced by the shape and orientation of adjacent cranial elements, namely the cranial

base and cranial vault.

Evolutionary changes in the face occurred constantly in the hominin lineage, driven by
biomechanical, environmental or structural needs. Therefore, the developmental
investigation of the morphology of the face must take into account its ontogeny, its
relationship within the skull, together with its changes during the evolution of the
hominin lineage. In this framework, the main questions to be answered are: is facial
reduction in Homo sapiens a structural consequence of changes in other cranial regions?
Or is it an independent change driven by environmental or biomechanical pressures
acting (or acting less) on the face itself? Which are the evolutionary pressures and
developmental constraints and interactions that drive the so-called “facial reduction” in

H. sapiens compared to the heavily built facial complex of Homo neanderthalensis?

This project aims to describe the growth and developmental changes that underlie
differences in the face throughout the evolution of late Pleistocene Homo and modern
humans. The ultimate goal of this project is to determine how the different midfacial
regions evolved and developed and how they interact with each other and with more
distant regions during growth and development in both H. sapiens and H.

neanderthalensis.

The first chapter presents a critical approach to the literature review of the anatomy,
evolution, function and variation of the cranium and the face with the aim of developing
testable hypotheses concerning facial morphogenesis in Neanderthals and modern
humans. The anatomy of the cranium is described, with a focus on each of its regions and
their reciprocal anatomical relationships. The review summarises the literature about the
interactions among skull regions during ontogeny in Neanderthals and modern humans.
In relation to growth and development, the Functional Matrix and the Nasal Septum
theories are described, and their strengths and weaknesses examined. State-of-the-art
studies of integration and modularity between the face and the cranium are discussed.
Furthermore, previous studies of sinus anatomy, function and variability are reviewed

with the aim of elucidating their ontogeny in relation to that of the face. Finally, various
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hypotheses raised to explain the differences in the facial complex among H. sapiens and

H. neanderthalensis are reviewed and discussed.

In the second chapter, the materials and methods adopted in the work are presented.
Virtual acquisition and segmentation of the materials are discussed. Geometric
morphometric (GM) methodological tools used in this thesis are described. The
preparation of data is discussed, such as landmarking and estimation of missing
landmarks. The latter is performed by comparing and testing different statistical
approaches. Subsequently, the GM method of semilandmark sliding is thoroughly
described and tested for replicability among different software tools. The statistical
analyses performed in the thesis are then described and discussed, with a focus on
Generalised Procrustes Analysis (GPA), Principal Component Analysis (PCA), partial least

squares (PLS) and path analysis.
The third chapter presents the results of this work divided into sections.

Section 3.1 analyses patterns of growth and development of the skull in modern humans.
Modern human skull variance and morphological changes during ontogeny are described
in terms of direction and magnitude. Shape and size changes over time are described for
the cranial base, vault and face; differences in timing and mode of development as well

as developmental integration among cranial regions during ontogeny are investigated.

Section 3.2 explores facial patterns of covariation and allometric development during
ontogeny in modern humans, analysing the regions of the orbit, zygomatico-maxilla,
palate, nasal cavity and maxillary sinuses. The influence of size on shape and the
integration among facial regions is compared in younger subadults, older subadults and

adults.

Section 3.3 explores the hierarchical interactions among facial elements in infants from O
to 6 years old and analyses the relative contribution of the soft and hard tissue

components to the overall facial growth and development during early ontogeny.

In section 3.4, the facial ontogenetic development is compared between Neanderthals
and modern humans. Neanderthal ontogenetic facial shape variations are explored and
compared with what is observed in modern humans. Divergence of ontogenetic facial
trajectories between H. sapiens and H. neanderthalensis is tested. Covariation among

facial regions is compared between the two species.
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Chapter four concludes the thesis by summarising the major findings and discussing them
in light of the literature about facial morphology and ontogeny in modern humans and

Neanderthals. Future work and the points yet to be clarified are discussed.

1.0.1 The study of the face from an ontogenetic perspective

The facial region shows considerable variation among living and extinct hominins. Such
variation is determined by genetics and natural selection, constrained by phylogeny and
influenced by non-genetic stimuli throughout life (Martinez-Abadias et al., 2009). All
these factors manifest themselves through differences or similarities in patterns of
growth and development between species during ontogeny. It has been shown how
changes in these patterns between species, although defined prenatally, are often
emphasised during the postnatal period, and that even within a species, differences in
the timing and mode of development of different cranial parts among populations lead
to diverse adult morphologies (Vidarsdottir et al., 2002; Cobb and O’Higgins, 2004).
Therefore, by looking at craniofacial patterns of growth and development in terms of
hierarchies, degrees of interaction and variability, it is possible to investigate if and how
these patterns are preserved or changed among phylogenetically closely related species.
Furthermore, by studying facial ontogeny we come to understand the processes and

mechanisms that underlie inter-adult diversity.

The use of geometric morphometric techniques to investigate hominin facial morphology
has a long history (Bookstein, 1998; O’Higgins, 2000; Bastir et al., 2007; Ponce de Leon
and Zollikofer, 2001; Vidarsdottir et al., 2002; Mitteroecker and Gunz, 2009; Evteev et al.,
2014). These methods, applied to the study of cranial morphology, led to the formulation
of evolutionary hypotheses about morphological variations between species through
functional adaptations to factors such as climate, diet or social requirements (Wang et
al., 2010; Noback et al., 2011; Evteev et al., 2014; Marquez et al., 2014; De Azevedo et
al., 2017; Godinho et al., 2018; Wroe et al., 2018), as well as providing non-adaptive
explanations, such as the diversification of morphology by genetic drift (Weaver et

al.,2007; Ackermann and Cheverud, 2004; Buck et al., 2018). However, due to the lack of
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data, most studies have focused on the external morphology of adult specimens.
Although several recent studies examined the relationships between internal (such as the
nasal passages, paranasal sinuses and orbits) and external cranial regions (Holton et al.,
2018; Godinho and O’Higgins, 2018), little is known about how these covary during
ontogeny in hominins and how they contribute to differences in growth and development

between species.

1.0.2 Skeletal anatomy of the skull

Understanding the patterns of cranial bone formation, accretion, interaction and
remodelling is essential to formulate hypotheses concerning the mechanisms by which
growth and development of the hominin skull are regulated. Such hypotheses are
formulated and tested in this thesis in Sections 3.1 to 3.4. Therefore, in Chapter 1, the
developmental anatomy of the human skull and what is known about developmental

interactions and their role in integrating development is reviewed.

The skull incorporates diverse structures that serve different functions; e.g. supporting
and housing the brain and sense organs, feeding and breathing (O’Higgins and Cohn,

2000; O’'Higgins et al., 2006).

The human skull can be divided into three cranial regions: the cranial vault, formed from
intramembranous bone of paraxial mesodermal and neural crest origin; the basicranium,
formed from endochondral bone of neural crest origin; and the viscerocranium, formed
from intramembranous bone of neural crest origin. During growth and development,
these anatomical regions meet and form the skull, a single morphogenetic unit and a

highly functionally integrated structure (Bruner, 2007).

1.0.3 Cranial vault anatomy, function and development

13



The cranial vault is a domed bony structure that forms a protective case around the brain
and is made up of the frontal bone, the greater wings of the sphenoid, the two parietals,
the two temporals and the occipital bone. The vault is anteriorly articulated with the face
through the frontal bone and the frontal torus (Bruner, 2007). Laterally, the greater wings
of the sphenoid and the temporal plate form the lateral wall of the vault, while the
zygomatic process of the temporal bone connects the lateral wall to the anterior
zygomatic bone. The squamous part of the occipital bone constitutes the posterior part

of the cranial vault, while the rest of the occipital forms part of the cranial base.

The main function of the cranial vault is to support the brain during its growth and
development. Changes in brain size during growth affect skull morphology. Notably, the
ossification of the intramembranous calvarial bones depends on the presence of the
brain during foetal development; in its absence (anencephaly), no bony calvarium forms
(Sperber et al., 2010). The subordinate and supportive role of the cranial vault is also
evident when looking at changes in brain size during evolution and development, always
followed by coordinated changes in neurocranial size and shape (Lieberman, 2011;

Richtsmeier et al., 2006; Weickenmeier et al., 2017).

The bones of the cranial vault form by intramembranous ossification of the mesenchymal
tissue surrounding the developing brain during the foetal period, with centres of

ossification first appearing at approximately the 7t — 8™ weeks in utero (Jin et al., 2016).

It is worth remembering that in intramembranous ossification, mesenchymal cells
differentiate into osteoblasts, forming a centre of ossification. This contrasts with
endochondral ossification, in which mesenchymal cells differentiate into chondroblasts,
forming a cartilaginous matrix of glycoproteins, creating a cartilage model of the future
bone. Once it has mineralized, the osteoid matrix forms a collar of periosteal bone
surrounding the cartilage. Invasion and replacement of the cartilage model by bone

completes the process (Karaplis, 2008).

At birth, the infant cranium has a large and bulbous calvarium and a relatively small face,
which constitutes one-eighth of the neonatal cranial volume. By adulthood, the facial
skeleton accounts for approximately half of the overall cranium (Enlow, 1990), due to the

different growth patterns of the skull regions (Figure 1.1, Bastir et al., 2006).
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Figure 1.1. Spatiotemporal patterns of maturation of cranial elements (Bastir et al., 2006). Age categories
are: G1 2-3 years, G2 4-5 years, G3 6-7 years, G4 8-9 years, G5 10-11 years, G6 12-13 years, G7 16-17

years, G8 18 and more.

Indeed, the facial skeleton undergoes rapid growth during infancy and childhood while
growth of the calvarium slows considerably after the fourth year (Enlow and Moyers,

1982).

Cranial vault sutures, which are periosteum-lined fibrous joints, separate the individual
bones and provide sites of growth. The major sutures of the cranial vault include the
following: metopic suture (where the two frontal bony plates meet), coronal suture
(where each frontal bone plate meets with a parietal bone plate), the sagittal suture
(where the two parietal bone plates meet) and the lambdoid suture (where both parietal

bones meet the occipital bone).

In a newborn skull, fontanelles are found where sutures will merge (Figure 1.2). These
temporary discontinuities between the bones of the calvarium aid the passage of the
head through the birth canal at childbirth and, with sutures, permit an increase in the size
of the neurocranium to match brain growth after birth. All the fontanelles are closed by
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the age of 18 months. Nonetheless, the proper fusion of the sutures occurs much later:
the metopic suture is usually obliterated by 7 years of age (although in 15% of the
individuals remains unfused), while the sagittal, coronal, and lambdoidal suture fusion

happens much later in life within a wide age range (Sahni, and Jit, 2005).

Sutures were once (Sicher and DuBrul, 1949), but are no longer (Koski, 1968; Opperman,
2000), thought to be primary drivers of growth (growth centres with intrinsic growth
potential); the current interpretation is that they act as growth sites (Opperman, 2000),
meaning that bone formation happens at the edge of the bone front but it is stimulated
by forces external to the suture itself. However, there is debate about what elements
drive and regulate growth at the sutures (Moss and Young, 1960; Scott, 1956; Precious
and Delaire, 1987; Mooney et al., 1989; Mays, 2012; Hall and Precious, 2013; Goergen et
al., 2017). Indeed, although it is generally thought that bone growth at the cranial and
facial sutures occurs when the ossifying fronts are gradually forced apart, the potential
roles of elements such as the brain, dura mater, nasal cartilage, orbits and oral capsule
as principal driving forces are, as yet, not fully understood (Opperman et al., 2005, see
discussion on the potential facial pacemakers of the nasal cartilage, orbits and oral

capsule in Section 1.1.5).

A study has examined intramembranous bone growth at cranial vault sutures by
artificially creating a mechanical force and applying it to the head of anaesthetised rabbits
using strain gauges (Kopher and Mao, 2003). The study observed that micro-compression
and micro-tension both produce sutural growth, thus challenging the precept that
compression would lead to resorption activity at suture sites, while tension would lead
to formation, and suggesting that the effect of mechanical loads, cartilage and organ
growth on cranial sutures is still poorly understood. Another study (Opperman et al.,,
2005) suggests that after the sutures fuse, further growth and development depend on
surface deposition and resorption (remodelling), so braincase growth would shift from

the sutures to the bone surfaces.

Indeed, while evidence shows that brain growth stimulates the development of the
braincase during prenatal and early postnatal phases (Richtsmeier and Flaherty, 2013),
other elements and factors not yet clarified act on the remodelling of the cranial vault

during ontogeny.
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Figure 1.2. Newly born skull anatomy with fontanelle evidenced (Sperber et al., 2010).

1.0.4 Cranial base anatomy, function and development

The basicranium or cranial base supports the brain and, with the calvarium, completes
the neurocranium (Figure 1.3). It is made up of five bones: the ethmoid, sphenoid,
occipital, frontal and temporal. Postnatally, the cranial base is the first element of the
skull to reach maturity in shape and size (Bastir et al., 2006), thus setting the spatial
conditions for the other cranial regions to grow, develop and integrate (Enlow and Hans,
1996; Lieberman et al., 2000; Kuroe et al., 2004). Structurally, the cranial base supports
the growth of the brain, the articulation of the mandible and shares important bony
elements with the facial complex. In addition, the opening of the foramen magnum and
other foramina along the cranial base allow the cranium to be connected to the vertebral
column and permit the passage of neural and circulatory connections between the brain,

the face and the post-cranium (Nie, 2005).

The cranial base region can be divided morphologically and functionally into anterior
middle and posterior cranial fossae, separated by bony ridges. This division into separate

fossae has been used by researchers to investigate the behaviour of the cranial base
17



during ontogeny and its relationship with the cranial vault and facial regions during
hominin evolution (Rhoton, 2002; Bastir and Rosas, 2005; Bastir et al., 2008; Gkantidis
and Halazonetis, 2011; Bastir and Rosas, 2016). Indeed, numerous studies suggest that
the elements of the cranial base that contribute to the anterior and middle cranial fossae
are highly developmentally integrated with the face (Lieberman et al., 2000; Bastir, and
Rosas, 2006; Neaux et al., 2013). In fact, the anterior cranial fossa forms the roof of the
orbits and contains the cribriform plate of the ethmoid bone, while the middle fossa lies
directly behind the orbits and the midface. Thus, spatial modifications of these
components likely have consequences for the spatial arrangement of some facial
components (Enlow, 1966, 1990; Bastir and Rosas, 2005; Bastir et al., 2008; Bastir and
Rosas, 2016). Furthermore, the cranial base is linked functionally to the cranial vault
because of their shared role in sustaining the brain. The anterior cranial fossa
accommodates the frontal lobes of the brain, while the middle fossa hosts the temporal
lobes and the posterior cranial fossa supports the occipital lobes. A further connection
between base and vault is formed by the occipital bone, which contributes to the

posterior cranial fossa and the posterior part of the vault (Bruner et al.,, 2015).

Prenatally, the base of the skull appears at the second month of embryonic life as a
narrow cartilaginous platform (endochondral ossification) ventrally disposed over the
cerebral mass (but the conversion of the ectomeninx mesenchyme into cartilage has
already begun by the 6™ week). At this stage, the anterior portion consists of an
aggregation of cells from the ectodermic neural crest while the posterior portion is made
of cartilaginous mesodermal cells. The spheno-occipital synchondrosis (the cartilaginous
joint between the two bones) underlines this subdivision, separating two areas that are

embryologically distinct (Jeffery and Spoor, 2004).

During the 2nd and 3rd postnatal year, the occipital squama joins the exoccipital region
(external surface around the foramen magnum) at the posterior intraoccipital
synchondrosis. The exoccipital region joins the basioccipital area at the anterior
intraoccipital synchrondroses, which are found within the condyles.Around the year of 5,
these synchondroses will no longer be present. Postnatally, the endocranial surfaces of
the occipital bone are predominantly resorptive, and the ectocranial surfaces are
depository, resulting in relative downward displacement of the floor of the posterior

cranial fossa to accommodate the enlarging brain (Arat et al., 2010).
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Figure 1.3. Disarticulated skull bones (medicienterprises.com).
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1.1 Facial anatomy, ontogeny and evolution

The third cranial region of the skull is the viscerocranium, or facial complex.
Embryonically, the facial skeleton is composed of dermal bone (arising from
intramembranous ossification) and derives from ectodermal cells of the neural crest
(responsible for the development of the neurocranium, teeth and a number of other

skeletal components) (Wilson, 1979).

The viscerocranium consists of 16 individual bones that fuse together during
development (Table 1.1 and Figure 1.4). Anatomically, the viscerocranium can be divided
into the upper, middle and lower face, which correspond with the frontonasal, maxillary
and mandibular primordia in the embryo. The upper face is the region comprising the
orbital torus and the eye sockets. While the orbits have an initial rapid postnatal growth
and development during early childhood and reach most of their final form around 6-7
years of age (Scott, 1954), the brow ridge is almost absent at birth and develops over a
longer period of time, reaching its final form during adolescence and early adult life
(Behrents, 1975). The lower face comprises the mandible and teeth. The middle face, or
midface, denotes the portion of the face comprising the nasal, lacrimal, maxillary,
zygomatic bones and upper dentition (Brooker, 2009). The maxilla is the largest element
of the midface and comprises two maxillary bones, which join at the intermaxillary suture,
forming the anterior nasal spine (Rice, 2008). The surface of the maxillary bones forms
most of the nasal aperture, the top of the oral cavity (hard palate), the orbital floors, and
the inferior orbital rims. Each maxilla possesses two processes or extensions—the frontal
process is connected to the frontal bone and the zygomatic process articulates with the
zygomatic bone. The maxillae also host, internally, the bony cavities called maxillary
sinuses (Burns, 2013). The maxillary sinuses are hollows lined with mucoperiosteum,
connected to the nasal cavity through the presence of a passage called ostium. Their
biological and functional significance is hotly debated (Rae and Koppe, 2004). Their
anatomy is described in Section 1.1.6 of this chapter. The zygomatic bones are paired and
constitute the lateral portions of the orbits and the cheekbones. The maxillary, frontal,
and temporal processes branch out from each zygomatic bone. This bone develops from
a single centre of ossification and acquires a recognisable morphology by 4 to 5 foetal

months (Kelley et al., 2007). The nasal bones are two small elongated bones located
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between the orbits and articulated with the maxillae. They form, at their junction, "the
bridge" of the nose and the superior rim of the piriform aperture. Each nasal bone grows
from a single membranous ossification centre and is present and recognizable by the time
of birth (Thiagarajan and Ulaganathan, 2013). Studies focussing on the study of the
morphology of nasal bones in foetuses have analysed variation in the foetal nasal bones
in different populations and found that differences are already present prenatally
(Collado et al., 2004; Zelop et al., 2005). The lacrimal bones are the smallest of the facial
bones. Their shape is rectangular and characterized by the nasolacrimal canal. The
lacrimal bones are connected to two cranial bones: the frontal (superiorly) and ethmoid
(posteriorly), and two elements of the facial complex, the maxilla (anteriorly and
inferiorly) and the inferior nasal concha (inferiorly). The lacrimal ossifies from a single
membranous ossification centre, which appears about the twelfth week in the membrane
covering the cartilaginous nasal capsule. They acquire a recognisable morphology by 2 to

3 years of age (Berger and Kahn, 2012).

Bone Paired/unpaired Region
Conchae Paired Facial

Lacrimal Paired Facial (midface)
Mandible Unpaired Facial

Maxillary Paired Facial (midface)
Nasal Paired Facial (midface)
Palatine Paired Facial

Vomer Unpaired Facial
Zygomatic Paired Facial (midface)
Frontal Unpaired Facial
Sphenoid Unpaired Facial

Table 1.1. List of the facial bones, (modified from Gray, 2001).
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The facial skeleton articulates with the basicranium through the sphenoid and is in
contact with the calvarium through the frontal process of the maxilla and the temporal
and frontal processes of the zygomatic. Because of these connections, the ontogenetic
and evolutionary development of the face is integrated with the development of the
cranial vault and basicranium (Anton, 1989; Cheverud et al., 1992; Kohn et al., 1993;
Lieberman, 2000; Kuroe et al., 2004; Hallgrimsson et al., 2007; Ferros et al., 2015). The
developmental interactions among these three regions are of interest in understanding
how the cranium evolved. Recent ontogenetic studies suggest that the face is the last of
the three to reach maturity in size and shape (Bastir et al., 2006). As such, its development
is thought to be strongly subjected to the mechanical constraints imposed by the earlier
maturing cranial vault and base (Cheverud et al.,, 1992; Hallgrimsson et al.,, 2007;
Mitteroecker and Bookstein, 2008; Martinez-Abadias et al., 2009). A recent approach
suggests that as encephalisation developed during hominin evolution, changes in the
cranial base and neurocranium (Bruner, 2007; Bastir et al., 2008) have driven a general
reduction in the viscerocranial complex (Holton et al., 2011; Freidline et al., 2012; Lacruz
et al., 2019). However, Neanderthals and H. sapiens, which are the most encephalised
among hominins, apparently evolved in two opposite directions, the former possessing a

prognathic midface and the latter a short and flat one.
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Figure 1.4. Bones of the facial complex (Image created by the author using Complete Anatomy.com

(palatine bones not visible).

This is probably due to differences in the development and organisation of the brain (and
thus differences in the nature and sequence of shape modifications in the neurocranial
and basicranial regions during development) together with morphological changes in
facial elements, which are due to functional adaptations as well as structural
reorganisation (Lieberman, 2008). Indeed, the evolutionary hypotheses proposed in
relation to the development of the facial complex in the genus Homo are heterogeneous,
encompassing cranial architectural constraints, feeding mechanics, environmental
change and genetic drift (Weaver et al., 2007). These hypotheses, together with an
overview of the major morphological differences among Homo sapiens and Homo

neanderthalensis will be examined in Sections 1.1.2 and 1.1.7 of this chapter.
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1.1.1 Prenatal and postnatal development of the facial complex

The prenatal growth and development of the human body can be divided into three
phases: the preimplantation phase (the first 7 days), the embryonic phase (the next 7

weeks), and the foetal phase (the next 7 calendar months).

In the embryonic phase, the basic tissue types have developed during the first 21 days
post-conception (pre-somitic period). This is followed by the somitic period (21 to 31
days), characterized by differentiation of the basic tissues that convert the flat embryonic
disk into a tubular body. This phase is characterized by the appearance of metameric
segments (called somites) which form the basic patterning of the main body systems and
organs. At the end of the somitic period, the embryo shows a prominent brain forming a
predominant portion of the early head, whose “face” and “neck,” are formed by
pharyngeal arches. The eyes, nose, and ears are demarcated by placodes (Musumeci et
al., 2015). The somitic period is followed by the postsomitic period, characterized by the
formation of the body’s external features. The head undergoes significant development
and facial morphology becomes identifiable. During the last 7 months of foetal life (foetal
phase- from the 60" day) the main changes concern growth and reproportioning of body
elements. Ossification centres make their appearance in most bones during this period

(Figure 1.7, Harding and Bocking, 2001).

At 5 months in utero, the face assumes a recognisably human appearance as the eyes
move anteriorly and the ears rise to eye level (Radlanski and Renz, 2006) but the key
stages in the embryonic formation of the human facial region can be already recognised
between four and eight weeks post-conception. At five weeks, beneath a prominent
forebrain, the oral pit, or stomodeum, becomes evident and this will form the mouth.
Around it, are five prominences, or facial primordia, derived from the migration of neural
crest cells: the central frontonasal, and the left and right maxillary and mandibular
prominences, the latter two derived from the first pair of six pharyngeal arches (Sperber

et al., 2010).
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Figure 1.5. Schematic representation of facial formation at 4, 5, 6, and 7 weeks post-conception (Sperber et

al., 2010).

Lateral to the forebrain are the optic diverticula, which, as already mentioned, will
complete their anterior migration between the 5" and 9™ prenatal week. Inferolaterally,
each nasal pit is surrounded by medial and lateral nasal prominences and is initially

connected to the stomodeum (Figure 1.5 and 1.6).
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Figure 1.6. Face of a 37-day-old human embryo: nasal pits (NP); medial (MNP) and lateral (LNP) nasal
prominences; the maxillary (MAX) prominences; stomodeum (ST); mandibular prominence (MAN) (Sperber

et al., 2010).

Union of the facial prominences occurs by fusion of the frontonasal, maxillary, and
mandibular prominences and by merging, i.e the elimination of the contacting tissue
between the central maxillonasal components (called the nasal fin) (Wilderman et al.,
2018). The merging creates the upper jaw and forms the palate, which separates the
nasal pits from the future mouth. Each merging and fusion site is also the site of a

potential facial or palatal cleft (Smith et al., 2004).

Meanwhile, the formation of the nose is finalised with a complex process involving
contributions from the frontal prominence, the merged medial nasal prominences, the
lateral nasal prominences (the alae), and the cartilage nasal capsule (Sperber et al., 2010).
The cartilaginous nasal capsule will form the nasal septum and nasal conchae. It grows
between the cranial base above and the “premaxilla,” vomer, and palatal processes of
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the maxilla below. An incorrect or partial fusion of the nasal capsule during this period
produces a deviation in the development of the nose and upper lip (Hall et al., 2013). In
addition, incorrect growth and development of the nasal septum during this period has
been recently claimed to impact on cranial base and maxillary normal growth and

development (Howe et al., 2004).

During the postnatal period, the upper face is mostly influenced by the rapid growth of
the eyes in the first 18 months of postnatal life (Krimmel et al., 2015), which contribute
to the vertical expansion of the face and the separation of the neural and viscerocranial
regions. The nasal cartilages, especially the septum, are at the centre of a debate about
the forces acting to shape facial morphology during the postnatal period (Moss, 1968;
Scott, 1953; Kim et al., 2011; Al Dayeh et al., 2013; Hall and Precious, 2013). Their role as

a pacemaker of facial development will be debated in Section 1.1.5 of this chapter.
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Figure 1.7. Skull bone ossification centres (Sperber et al., 2010).
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When looking at the postnatal development of the lower face, the teeth have a significant
impact on its morphology, the development of their alveolar processes contributing to
the vertical growth of the face and the deepening of the palate (Garib et al., 2010).
Indeed, the deposition of bone along the alveolar margins of the maxillae forms the
emerging alveolar processes through which dental germs (tooth buds) grow; these
processes fail to happen when dental germs are congenitally absent (Sperber et al., 2010;

Alfageeh et al., 2013).

Facial postnatal growth and development are also influenced by suture growth. As for the
neurocranium, facial sutures are no longer believed to possess intrinsic growth potential.
Rather, they produce new bone at the sutural edges of the bone fronts in response to
external inputs, possibly as a combination of biochemical and biomechanical signals
(Opperman, 2000). While the fusion of cranial vault sutures happens in the third decade
of life, the growth of the facial complex is generally complete by the second decade of
life, with the facial sutures functioning as sites of fibrous union of the skull bones until
the seventh or eighth decade of life, allowing for adjustments through remodelling

(Opperman et al., 2005).

1.1.2 Hypotheses concerning the ontogeny of the face in H. sapiens and H.
neanderthalensis

It is known that facial form is, to some degree, determined genetically. Nonetheless, it
has been observed that dynamic interactions between cranial components during
ontogeny play an important role in further modifying the morphology of the face
(Lieberman et al., 2004). Since variations in the mechanisms that regulate and are
involved in growth and development underlie variation in adult form, the comparison of
ontogenies among species is informative in understanding how distinctive adult
anatomies arose (Tillier, 1995). Differences in ontogeny between species can be
identified in early patterning (the relative shapes and sizes and spatial organisation of
cranial parts from early prenatal development to birth); in the length and orientation of

the trajectory of postnatal ontogenetic changes in size and shape (the magnitude or
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degree of changes in size and shape) and in the rate of these changes (Cobb and
O’Higgins, 2004). Ontogenetic studies in living taxa have shown that divergence of the
vectors of postnatal growth and development contribute to significant morphological
differences between closely related species, for example among great apes and between
these and H. sapiens (Bastir and Rosas, 2004; Cobb and O’Higgins, 2004; Mitteroecker et
al., 2004; Vidarsdéttir and Cobb, 2004). In addition, recent studies show that ontogenetic
shape trajectories differ even between modern human populations, contributing to the
variation of our species (Vidarsdottir et al., 2002). These findings suggest caution when
making inferences about the taxonomic significance of differences in ontogenetic
trajectories among fossil hominins, due to the high degree of plasticity found in modern

human populations.

With regard to the comparison of ontogenies between H. sapiens and fossil hominins, it
has been shown that modern humans and australopithecines have significantly divergent
facial trajectories when comparing the first components (PCls) of the Principal
Component Analysis (PCA), (Cobb and O’Higgins, 2004). However, debate surrounds the
extent of differences in facial ontogenetic trajectories among late Pleistocene hominins.
Some authors have claimed that modern humans and Neanderthals share parallel
trajectories, growing and developing in the same way (Ponce de Leon and Zollikofer,
2001; Ackermann and Krovitz, 2002). However, the similarity of trajectories was not

tested, leading to conflicting claims in other analyses.

In this regard, two recent comparative studies of mandibular and neurocranial shape
differences have suggested that modern humans seem to retain neotenous traits
compared to Neanderthals, with the latter showing a more extended ontogenetic
trajectory, leading to a larger, ‘more developed’ skull (Bastir et al., 2007; Zollikofer and
Ponce de Leon, 2010). Nevertheless, the two studies disagree on whether or not these
species share a common postnatal ontogenetic shape trajectory, with Bastir and
colleagues strongly supporting the interpretation of divergent growth and development,

implying differences in mechanisms of regulation.

Specifically, with regard to the comparison of facial trajectories, most work has focussed
on the external facial skeleton (Ponce de Leon and Zollikofer, 2001; Ackermann and
Krovitz, 2002; Vidarsdottir et al., 2002; Rozzi and De Castro, 2004; Bastir et al., 2007), so

far with little exploration of the internal anatomy of the face. New studies are needed to
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shed light on Neanderthal and H. sapiens postnatal cranial differences, not only exploring
the magnitude of these differences but also the morphological details of their
ontogenetic changes in size and shape. Further analyses should clarify details of changes
in the timing and patterns of growth and development of different facial regions,
including the varying patterns of covariation, modularity and integration during
ontogeny. Knowledge of these patterns might potentially contribute to a better
understanding of the structural mechanisms and ontogenetic constraints that affect the

growth and development of the skull.

Unfortunately, our ability to carry out ontogenetic comparisons with fossil species is
affected by small sample sizes and uncertainty about the age at death of specimens (Cobb
and O’Higgins 2004, Zollikofer and Ponce de Leon, 2010). This must be taken into account

when comparing extant and extinct taxa.

1.1.3 Modularity and integration of the facial complex

In anatomical structures, constituent elements can interact ontogenetically through
shared genetic, developmental, functional and spatial signals (Klingenberg and Zaklan,

2000).

Morphological integration during development refers to the extent to which changes
over developmental time in anatomical elements are associated with modifications in
other anatomical regions (Zelditch, 1987; Chernoff and Magwene, 1999; Olson and
Miller, 1999; Bookstein et al., 2003; Porto et al., 2013). Adjacent craniofacial regions are
always integrated to some degree, sometimes because they share the same embryonic

development or simply because they are physically connected (Klingenberg, 2013).

However, the presence of integration between anatomical elements does not imply
absence of a degree of independence of the same structures. A relatively
developmentally independent unit, called a module, is characterized by its own
ontogenetic trajectory (vector) of changes in size and/or shape (Bastir et al., 2006).

Therefore, a module can be defined as a “[...] semi-autonomous complex of highly

30



intercorrelated traits” (Porto et al., 2013) that still possesses a degree of covariation and
integration with the adjacent elements (Klingenberg, 2013). This autonomy allows for
modifications in one region not to necessarily influence the development of adjacent
regions (Raff, 2012). In fact, if the cranium could change only as an integrated whole, then
the morphological evolution of individual cranial components would not be possible

(Bastir, 2008).

Thus, modularity and integration are complementary concepts and the temporal and
spatial patterns of modularity and integration among anatomical components are central

in allowing or constraining mosaic evolutionary changes (Lieberman, 2011).

Because the human cranium comprises a set of integrated, but to some degree
independent, modules, many have debated the extent to which its evolution occurred
through a series of modular changes or, alternatively, was driven by one or a few
modifications that affected a set of integrated cranial elements (Martinez-Abadias et al.,

2011).

Recently, geometric morphometric analyses have been applied to study the degree of
modularity and integration among cranial regions. These studies have shown that the
skull is integrated to some degree with respect to the rest of the organism and that the
cranium itself is made up of more or less integrated craniofacial modules (Bastir, 2008;
Singh et al., 2012; Bookstein et al., 2003). In trying to identify the cascade of mechanisms
shaping the human skull, some authors have suggested that skeletal modifications of the
neurocranium and the cranial base during human evolution, such as those leading to a
rounded globular braincase and a more flexed cranial base in modern humans relative to
their ancestors, may have acted as structural constraints on the face (Enlow, 1990;
Liebermann et al., 2000; Bastir et al., 2007; Bastir et al., 2008; Lieberman et al., 2008)

(see Figure 1.8 describing the main hypothesised relationships among cranial regions).
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Figure 1.8. A scheme showing hypothesised relationships between craniofacial regions. The evolution of
the whole system is constrained and characterised by adaptive pressures as well as structural and stochastic

changes (Bruner, 2007).

That the developing cranial vault and basicranium influence the developing facial
complex is supported by the timing of growth and development of these elements.
Indeed, geometric morphometric studies have found that the human cranial base and
vault reach their adult form earlier than the face, leaving the latter to adjust its further

growth to the spatial limitations imposed by the formers (Bastir et al., 2006).

However, the picture seems to be more complicated, since it has been shown that only
loose integrative relationships exist between midline and lateral components of the
basicranium, thus implying the presence of two independent modules in the same cranial
region (Bastir and Rosas, 2004; Bastir et al., 2006). Furthermore, if brain size alone
constrains and drives facial evolution by acting on the neurocranial complex, it is
surprising that the two most encephalised groups, namely H. sapiens and H.

neanderthalensis, evolved such different facial morphologies (Bruner, 2007).

In considering growth and developmental morphological integration of mandibular and
basicranial morphology with the face in great apes and Homo, some studies have rejected
the hypothesis that these are fully developmentally integrated (Bastir and Rosas, 2004;

Profico et al.,, 2017). However, some of these conclusions are based on the study of
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midline landmark configurations and on the visual observation that changes in facial
height were not followed by analogous vertical changes in cranial base and vault along
the first and second principal components, without testing for modularity/integration

between these anatomical regions.

On the contrary, Singh et al. (2012), when applying partial least squares to adults of
Hominoidea, found that “[...] overall shape changes between the cranial regions show a
uniform pattern of integration, particularly between the face and basicranium and the
face and cranial vault.” According to their results, a narrow and forward projecting face
is associated with a narrow basicranium and cranial vault; a short and broad face is
associated with a similarly shaped basicranium and vault. Lieberman et al. (2000) also
found that the widths of the three regions are always highly correlated, and the
orientation of the posterior face is always nearly perpendicular to the anterior cranial
fossa. However, the significance of the associations among modules in the PLS analyses
of Singh et al. (2012) is not presented in their results. These findings are supported by
Bookstein et al. (2003), who also found the cranium to be highly integrated, but with vault
and face shape more strongly associated than either of the two is with the cranial base.
Other studies have found that the development of the sphenoid may be associated with
the development of the midface, particularly with the form of the nasal septum and the

extent of facial prognathism (Lieberman, 1998; Goergen et al., 2017).

To further complicate the picture, Hallgrimsson et al., (2007), using a set of linear
measurements, volumes and angles, found that covariation between cranial widths, but
not cranial length, of adjacent skeletal elements largely influence craniofacial variation in
mice and that neurocranial and basicranial measurements (highly related to brain
growth) correlate more between each other than with the facial complex. The pattern of
influence of basicranial width on cranial development is confirmed in modern humans
(Lieberman et al., 2000; Martinez-Abadiaz et al., 2009), with basicranial breadth affecting

craniofacial morphology in terms of breadth, height and length.

Analyses of integration and modularity are often based on a priori definition of modules,
derived from developmental and functional differences. A recent study (Makedonska,
2014) challenged this interpretation, testing if the integration between the face and
cranial base in adult anthropoid primates was lower than that found within pairs of cranial

and facial blocks, so to justify the use of the cranial base and facial complex as separate
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modules. RV coefficient results found that not to be the case, the integration between
the face and the cranial base not being significantly lower than the integration
characterizing elements within the cranial and facial blocks. Thus, the paper concludes
that the face and the cranial base cannot be considered separate modules (Makedonska,

2014).

All the findings here described (Lieberman et al., 2000; Bastir and Rosas, 2004; Martinez-
Abadiaz et al., 2009) seem to show a more articulated picture than the one described by
Enlow and Hans (1996), who sustained that modern human shape variation follows the
two extreme trends of dolichocephaly and brachycephaly. While most studies confirm
Enlow’s general idea that overall the skull is an integrated module, they show that the
relation between craniofacial elements is more complex and that the results or
morphological analyses change also in relation to how we choose to measure sample’s
morphological variables and how we choose to test integration. Indeed, one of the
methods largely used to study integration, the RV coefficient with relative permutation
test, has been proved to be extremely biased by sample size, challenging some of the

results based on this test (Adams, 2016).

When looking at covariation and integration, very few studies approached the matter
from an ontogenetic perspective. However, what is the contribution brought by
ontogenetic analyses when looking at covariation and integration? Looking at the study
of modularity and integration from an ontogenetic perspective is fundamental for the
understanding of the degree and nature of developmental and evolutionary interactions
among skeletal elements and how these change over time (whether this is ontogenetic

or evolutionary time).

According to Lieberman et al., (2002; 2004), adult differences between chimpanzee and
human crania may well rest on relatively few changes in early ontogeny, such as growth
of a bigger brain, which would lead to a shorter and wider cranial base and a less
prognathic face. Bookstein et al., (2003) compare evolutionary and ontogenetic
integration between cranial vault, base and face using a 2D landmark configuration in a
sample of modern and fossil Homo. They find that evolutionary and developmental

integration of vault and face are broadly equivalent among hominins.
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Recently, a combined genetic and morphometric approach has been used to study
integration in the skull. Results show that genetic factors can typically account for up to
50 per cent of the variation in most skeletal traits, with environmental stimuli having the
same proportion of influence on growth and development of the phenotype (Martinez-

Abadias et al., 2009; Smith, 2009; Von Cramon-Taubadel and Smith, 2012).

This combined approach provides evidence of morphological integration of the major
cranial regions in modern humans (Martinez-Abadias et al., 2012) because simulation of
selection of specific derived features produces a global, integrated response. This implies
that, during evolution, selection acting on a morphological trait may have led to diverse
secondary changes that can be misinterpreted as the target of selection. Therefore,
attention must be paid towards evolutionary analyses of morphological adaptation and

the selection of characters used to infer phylogenetic relationships between fossils.

However, a recent study (Spassov et al., 2017) challenged the view of the skull as a highly
integrated structure. The study compared wild and congenitally muscular dystrophic
mice, each divided into two groups and fed on a hard or soft diet. The modularity test
showed that the “control group” (non-dystrophic and hard diet) possesses the highest
values of modularity, while the group in which the genetics and diet were altered shows
the highest level of integration. This result suggests that atypical changes in one cranial

region lead to a process of integration of the other regions to accommodate the changes.

Allometry might be another fundamental factor to consider when approaching the
investigation of the integration within the human skull during ontogeny. In most studies
of primates, pronounced allometry has been found during ontogeny, and allometry may,
therefore, be an important integrating factor in the primate head (Klingenberg and
Marugan-Lobdn, 2013). Some studies have thus applied size correction to ‘remove’ these
effects, by using residuals from the multivariate regression of shape on size before

performing further analyses of integration (Klingenberg, 2013).

Although numerous studies of integration and modularity have been published, it is
surprisingly difficult to use this information to make comparisons or develop
generalisations, because of conflicting results and the lack of organic continuity in
methodological approaches and in the choice of the anatomical regions analysed

(Klingenberg, 2013).
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Concerning modularity and integration of the face, most of the studies focused on adult
samples and considered the face as a single unit. Only a few attempts have been made
to study the integration of the face by focusing on specific sub-regions during ontogeny.
Studies on the pre-maxilla found that this region varies independently of the palate and
the rest of the face in hominins (Villmoare et al., 2014). This result highlights the
importance of decomposing the face into sub-regions, since they may provide deeper
insights into the factors that underlie modern human facial variation. Understanding the
cranial constraints on the face may clarify the role that non-adaptive factors played in the
evolution of the modern human skull. Furthermore, an ontogenetic approach is
necessary to link cranial covariation patterns to the mechanisms that generate them, and
to understand their significance in the context of skull evolution (Hallgrimsson et al.,

2009).

A suitable basis to divide the face into sub-regions is required in order to study
interactions between them. In relation to evolution and development, a developmental
subdivision is appropriate, since evolution itself proceeds by modification of ontogenies.
For this reason, and because this thesis focuses on the face, the development of the face

with a focus on the nasal septum is reviewed.

1.1.4 Embryological development of the nasal septum

Understanding the anatomy and development of cranial regions is fundamental to
studying the mechanisms that underpin phenotypic variation (Hendrikse et al., 2007).
What follows is a thorough description of the nasal complex and current hypotheses

concerning its evolution, development and interaction with other craniofacial regions.

The midline roof of the nasal complex is made up of the nasal septum. This consists of
three parts: the columellar septum (the fleshy external tip), the membranous septum (a
double layer of skin between the columella and the septal cartilage) and the septum
proper (consisting of the ethmoid, vomer, and septal cartilage). The lateral walls of the
nasal complex are made up of the inferior, middle and superior turbinates or nasal

conchae, which are responsible for filtration, heating, and humidification of inhaled air
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(Churchill et al., 2004). The septum proper and conchae are cartilaginous, forming a

capsule that surrounds the nasal cavity.

The cartilages of the nasal conchae and the nasal septum develop from the chondrified
nasal capsule. The nasal capsule chondrifies in the 2" prenatal month, forming a roof and
lateral walls (also called ectethmoids, the precursors of nasal conchae) united to a vertical
cartilaginous plate called the mesethmoid, a component of the early basicranium, part of
which will constitute the perpendicular plate of the ethmoid bone of the nasal septum
(Scott, 1953). Prenatally, in the lateral walls of the nasal cavity, two ossification centres
will form the paired lateral masses of the ethmoid bone, while medially, two
intramembranous ossification centres will form the initially paired vomer, which will fuse

at birth.

In the newborn’s face, the vomerine groove works as a hosting site for the nasal cartilage,
which remains mainly cartilaginous, except in the area in which it articulates with the
vomer. The ethmoid bone and the upper area of the posterior nasal cartilage join in the
so-called “keystone area”, creating a thick articulation (Sandikcioglu et al., 1994). This
area is located where the caudal area of ethmoid bone overlaps with the upper lateral
cartilage (Sperber et al., 2010). The nasal septum cartilage is also firmly united by fibrous
tissue to the premaxillary region of the maxilla in front of the vomer (Figure 1.9, Al Dayeh

et al., 2013).

Prenatally, the growth of the nasal septum is greatest from 6 to 9 weeks of development
(Hall et a., 2013). Scott (1953) claims that the principal postnatal period of growth of the
nasal cartilage is until 7 years of age. However, its growth period is highly debated, with
other studies sustaining that nasal growth occurs until adulthood (Hall and Precious,

2013).

Another element of discussion when it comes to human nasal morphology concerns the
role of the nasal septum in shaping the face during postnatal development. Some authors
claim that modifications of the nasal septum cartilage affect subsequent facial
development, while others sustain it possesses a secondary role in the architecture of the

facial complex (Van et al., 1996; Hall and Precious, 2013).
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1.1.5 Postnatal growth, development and integration of the nasal septum

Ontogenetic studies of integration seek to understand the extent to which morphological
units interact and the strength of such interactions. However, often they do not focus on

the mechanisms by which these patterns occur (Lieberman, 2011).

To explain the mechanisms of facial development, a series of hypotheses have been
formulated in the last century, dealing with the relative importance of the main driving
forces acting in the face during postnatal growth and development: the Functional Matrix

and the Nasal Septum theories (Scott, 1954; Moss, 1968).

The Functional Matrix theory, elaborated by the anatomist Melvin Moss (Moss, 1968)
suggests that the skeletal elements act purely as a supporting framework around the
functional units of the organs (eyes, mouth, brain, teeth, muscles, etc.). Each functional
matrix, defined as [...] “non-skeletal cells, tissues, organs, and operational volumes” in
the body (Moss, 1997), has an associated skeletal capsule (bone or cartilage) that is
subordinate to and supportive of the matrix it encloses. Thus, bone formation would be
genetically controlled only to a minor degree and largely subordinated to the

corresponding developing functional matrix (see Diagram 1.1).

According to the Functional Matrix theory “[...] the nasal septal cartilage grows as a
secondary, compensatory response to the primary growth of the related oro-facial
matrices” (Moss and Bromberg, 1968). This theory has been further elaborated and
tested by many authors over the past 50 years, with a focus on the hypothesis that the
nasal septum passively adapts to support the growth and development of the oro-facial
matrices (or capsules) and adjacent midfacial skeletal structures (Latham and Burston,

1964; Babula et al., 1970; Goergen et al., 2017).
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Diagram 1.1 Schematic representation of functional matrices proposed for the human skull. Examples of
functional matrices are the brain, the nasal cavity, the eyeballs, the maxillary sinuses, the oral cavity and
head muscles, such as temporalis and masseter; these cavities and soft tissues have been suggested to

mediate bone growth (Esteve-Altava & Rasskin-Gutman, 2014).
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In support of this interpretation, experiments comparing normal mice with mice
displaying naso-palatal anomalies or undergoing nasal septum removal (Babula et al,,
1970) did not show any growth deficiencies in the face (however, mouse skeletal
connections are different from humans, thus mechanisms of growth and development
may not be fully shared). Furthermore, evidence shows that septal dislocation does not
affect the normal growth of the face in young rabbits (Wexler and Sarnat, 1965). Moss
himself did not find any midfacial irregular development after removal of the septal
structures in humans and believed that the only consequence could be the collapse of
the roof of the nose, considering the nasal septum to function only as a structural pillar

for the nasal cavity (Moss and Bromberg, 1968).

After examining a case of foetal arhinencephaly, the congenital absence of olfactory
organs, Latham and Burston (1964) concluded that the nasal septum had a role in
determining the anteroposterior growth of the upper face but that it did not account for
the proper growth of vertical facial height. The same authors (Latham and Burston, 1966)
reported a case with deviated nasal septum in a child as a consequence of cleft palate. In
this situation, no anomalies in the activities of deposition and resorption of the palate nor
in the development of the overall height of the face were observed, but the sagittal
growth of the non-cleft maxillary side, toward which the septum was deviated, and its
activity of deposition were more rapid and accentuated.

A more recent study has demonstrated that nasal septal deviation is associated with
reduced height of the upper facial skeleton (Mays, 2012). This suggests that, in short
faces, the nasal septum keeps growing, thus resulting in its deviation because of the
limited height available. If this interpretation is correct, then nasal septum growth would
be independent of and dissociated from facial growth. This explanation revisits Moss’
original hypothesis of the nasal septum lacking growth power and being subordinate to
midfacial changes, by hypothesising a lack of influence of the nasal septum on the overall
midfacial architecture (as Moss suggested) but considering this structure to have its own

growth potential.

However, this re-interpretation is challenged by Holton et al. (2011) who found that
artificially induced restriction of facial growth in Sus scrofa produced nasal septum
growth and subsequent compensatory premaxillary growth, fundamental to maintain the

cranial architecture. The same authors also describe how, in humans, changes in nasal
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septal volumes are associated to changes in facial morphology, which they interpret as a

response to accommodate changes in nasal septum size (Holton et al., 2012).

However, although the nasal septum might have a certain degree of independence, a
recent study showed that in humans, the shortening of midline elements of the cranium,
particularly the sphenoid bone, is associated with nasal septum deviation (Goergen et al.,
2017), possibly because of its anatomical connection with the ethmoid bone at the
sphenoethmoidal synchondrosis. This shows that, even though the nasal septum might
exert a certain degree of influence on facial modifications, it is also potentially subject to

cranial changes.

Contemporary to the elaboration of the Functional Matrix theory, another theory was
articulated by the anatomist James H. Scott, who proposed a unifying interpretation of
craniofacial growth: the Nasal Septum theory. This theory is in contraposition to Moss’
theory as it posits that the expansion and development of the cranium are driven by
actively expanding cartilages, one of them identified as the nasal cartilage. According to
Scott, growth takes place at the cranial sutures as these are separated, driven apart by
the growth of the cartilage of the nasal septum and other cartilaginous centres of

expansion in the cranium (Scott, 1954; 1956; 1962).

Many authors have supported this theory through experimental data (Young, 1960;
Vetter et al., 1984; Pirinen, 1995; Wong et al.,, 2010; Al Dayeh et al., 2013; Hall and
Precious, 2013). Diewert (1985), studying the timing of the development of human
embryonic craniofacial morphology, observed that “[...] rapid directional growth of the
nasal cartilage is important to the development of normal human facial morphology and
interference with normal growth changes during this early critical period may produce

irreversible effects on the face.”

Indeed, the desire to understand the causes and consequences of facial growth and to
plan surgical intervention in septal deviation has led to numerous clinical studies of nasal
septum and facial development. The influence of nasal septum growth and deviation on
facial anatomy has been examined using longitudinal cephalometric measurements of
twins, with the finding that the nasal cartilage has an impact on the normal growth and
development of the nose and maxilla, especially in the first decade of life (Grymer et al.,

1991; Grymer and Bosch, 1997). Indeed, the twins with deviated nasal septum showed a
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retrusive maxilla (vertically and horizontally shorter and anteriorly rotated) and a nose
with columellar retraction. However, interestingly, total facial height did not differ among

twins.

By measuring nasal septal versus nasofrontal suture growth rates in pigs to test whether
the first precedes and impacts on the second, a recent study found a significantly higher
rate of growth of the nasal septum, thus suggesting that the growth of the septal cartilage
might drive the growth of the nasofrontal suture and the anteroposterior development
of the midface (Al Dayeh et al., 2013). Indeed, septal cartilage growth potential has been
considered similar to that of the epiphyseal growth cartilage of long bones (Scott 1954;

Baume, 1961; Vetter et al., 1985).

Scott's Nasal Septum theory has also been supported by physiological evidence. Studies
showed that increased activity of growth hormone during postnatal development leads
to greater human facial dimensions, attributed in part to the stimulation of septal growth

(Pirinen et al., 1994).

In addition, midfacial retrognathia associated with some anomalies such as
achondroplasia and arhinencephaly has been attributed, in part, to defects in the nasal
septal cartilage (Delaire and Precious, 1987). Support for the role of the septal cartilage
as a pacemaker for midfacial growth also comes from in vivo extirpation experiments;
partial or total extirpation of the cartilage resulted in diminished facial growth in rabbits
and in rats (Kvinnsland, 1974). Anomalies in midfacial development have also been
observed in humans when the nasal septum is deviated or develops abnormally during
childhood (Grymer et al., 1989). Indeed, clinical conditions such as cleft palate, in which
the nasal septum grows deviated and bent, cause the face to grow asymmetrically (Hall
and Precious, 2013). Verwoerd and Verwoerd-Verhoef (2007) provide a literature review
of clinical studies, indicating that loss of septal cartilage at different ages leads to

abnormal development of the nose, maxilla and orbits.

However, as already discussed, this could suggest that, in situations in which the face is
somehow constricted or altered during growth and development, the nasal septum
would grow in a deviated way because of the limited space available. Indeed, all the
findings in support of the Nasal Septum theory have been challenged by Moss and other

authors, who attributed the altered midface development to the structural collapse of
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the nasal roof after deviation of the nasal septum. Furthermore, some of the experiments
of extirpation of nasal cartilage in animals have not led to any midfacial alteration (Wexler
and Sarnat, 1965; Babula et al, 1970), leaving doubts about the mechanisms of growth

and development of the face.

Mooney et al., (1989) applied path analysis, a method to analyse hierarchies of
interactions, to the testing of the two major opposing visions: the Functional Matrix and
Nasal Septum theories. In this paper, two different possible paths describing patterns of
interaction and covariation between anatomical elements were compared in a small
sample of prenatal individuals. The path in which nasal cartilage was hypothesised to act
over time on surrounding anatomical elements, such as premaxilla length and nasal
airway length, was better supported than the path representing an aspect of the
functional matrix theory in which the orbicularis muscle is hypothesised to act on the
surrounding structures. However, the authors did not analyse a full ontogenetic series

but focused on a short period of foetal growth.

The Nasal Septum and Functional Matrix theories are still very much debated. Many
authors believe that the growth of the nasal septal cartilage influences displacement and
growth at facial suture sites. Others believe that facial growth is adaptive and occurs in
response to functional demands, developing increased nasal airway volume and
expansion of the nasal capsule, driven by the action of functional matrices. Attempts to
test these two theories have led to contradictory findings. While prenatally it is evident
that the growth of elements such as the brain and the eyeball covaries and influences the
growth of the brain and the eye socket (Sperber et al., 2010), it is much less clear which

forces are driving changes in the skull during the postnatal period.

Differences in the results of the research here described are likely caused by the choice
of species (and so differences in the sutures and articulation of the bones) and by the way
the experiments were performed, by, for example, focusing on different areas at different
times of development. Indeed, it has been observed that nasal septum growth is not
homogeneously distributed throughout the septum and is not constant in time (Al Dayeh
et al., 2013). Further studies are needed to clarify the forces driving the growth of the
face by looking at ontogeny specifically in humans and in relation to differences in facial

morphology.
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1.1.6 Maxillary sinuses in facial ontogeny

In palaeoanthropology, most studies concerning the evolution and variation of the face
focus on the external morphology of the skull. However, it is important to recall that the
face hosts several organs and internal structures that can potentially influence the adult
morphological variability and its ontogeny (Lorkiewicz-Muszynska et al., 2015). A very
poorly understood element among these structures is that of the maxillary sinus. This
anatomical feature is of interest to clinicians and evolutionary biologists, being
investigated in the framework of craniofacial evolution and development and midfacial
pathologies (Rae and Koppe, 2000; Sharan and Madjar, 2008; Maddux and Butaric, 2017).
Nonetheless, no consensus exists on the function and the causes of variation of this

cavity. The debates are summarised in the following sections.

1.1.6.1 Form and function of paranasal sinuses

Paranasal sinuses (which comprise maxillary, frontal, sphenoidal and ethmoidal sinuses)
are cavities that are variable in presence and size within the mammalian cranium. Their
function and aetiology have been the subject of a long debate, as evident from Blanton
and Biggs’s article “Eighteen hundred years of controversy” (1969). These anatomical
structures triggered the curiosity of Leonardo Da Vinci, who described their morphology
in modern humans in the 16" century (Marquez, 2008). Numerous clinical studies have
since addressed the physiology and anatomy of human sinuses. A British surgeon,
Nathaniel Highmore (1613-1685), is believed to be the first to furnish a highly detailed
clinical description of the maxillary sinus, which then came to be referred to as “the
antrum of Highmore”(Highmore, 1961; Mavrodi, and Paraskevas, 2013). Further precise
descriptions and illustrations were then provided by 19 century Austrian anatomist Emil
Zuckerkandl, considered by many the “father” of modern sinus anatomy (Zuckerkandl et

al., 1895).

The high degree of variation and the presence of frequent anomalies in paranasal sinuses

have led to a persistent clinical interest about these features, particularly in the 20t
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century, when doctors started focusing on the treatment of acute and chronic sinusitis,
cleft palate, non-odontogenic tooth pain and tooth-related sinus infections (Robinson et

al., 1982; Shapiro et al., 1986; Fehrenbach and Herring, 1997).

Despite the attention they draw, paranasal sinuses are somehow still not completely
described, because of their great morphological variation, the different terminology used
to define them and the discrepancies resulting from it (Marquez et al., 2008). Differences
in shape, size, symmetry and degree of pneumatisation of these structures are very
frequent and these differences are sometimes reflected in the alteration of the nervous
and blood pathways of contiguous structures (Lawson et al., 2008). This high degree of
variation makes it difficult to produce a single concise description; it also suggests that
sinus development might be a secondary phenomenon, possibly defined by the space
available in the enclosing bones (O’Higgins et al., 2006). Therefore, morphologists and
clinicians are still investigating the development, morphology, and functional significance
of these internal structures. Many hypotheses have been formulated concerning their
function within the naso-facial complex (Rae and Koppe, 2004). However, the high degree
of plasticity and developmental variability of maxillary sinuses has recently led scholars
to question if paranasal sinuses have any specific and necessary function, suggesting an
alternative framework in which these elements develop passively in the space available
in the enclosing bones, rather than having a dynamic and functional role in shaping the

midface (O’Higgins et al., 2006, Rae and Koppe, 2004; Butaric and Maddux, 2016).

1.1.6.2 Prenatal and postnatal development of maxillary sinuses

The maxillary sinuses are the largest of the paranasal sinuses (Figure 1.10). They are
generally described as air-filled cavities enclosed within the maxilla, although in some
cases they can extend into the zygomatic (Rae and Koppe, 2000). Their surface is covered
with mucoperiosteum and they are connected to the nasal cavity (more precisely to the
semilunar hiatus of the middle meatus) through the ostium. This anatomical feature is
one of the few anatomical regions of sinuses that can be clearly identified as
developmentally homologous among individuals. Its location is relevant in comparative
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studies of sinus pneumatisation (O’Higgins et al., 2006) and true landmarks can be reliably

placed at this site.

Maxillary sinuses

Figure 1.10. Anatomy of paranasal sinuses (medicina247.altervista.org).

Embryonically, maxillary sinuses develop as early as the 10" week of the prenatal period
(primary pneumatisation). During this week, the tissue located next to the ethmoid
infundibulum develops some invaginations. At the 11™ week, the fusion of these folds
creates a single hole, the maxillary sinus primordium (Figure 1.11, Nuiiez-Castruita et al.,
2012). From the 12™ week, it is possible to observe a more complex structure with a
lateral wall, bounded by the maxillary bone; a medial wall, limited by the inferior
turbinate; and a roof, where the ostium lies. Subsequently, a second process of
enlargement (secondary pneumatisation) takes place from the 5™ prenatal month

onwards, causing the maxillary sinuses to be radiographically recognisable at birth.
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During secondary pneumatisation, maxillary sinus expansion depends on the resorption

of the medial and lateral walls of the maxilla (Sperber et al., 2010).

Figure 1.11. Frontal section of the head in a 10-week fetus. Ethmoid infundibulum (asterisk), invaginations
of mucosa (arrows), middle turbinate (MT), uncinate process (UP), inferior turbinate (IT) (Adapted from

Nufiez-Castruita et al., 2012).

However, it is after birth that the majority of maxillary sinus growth occurs (Sperber et
al., 2010; Lorkiewicz-Muszynska et al., 2015). After birth, maxillary sinuses expand
laterally along the inferior rim of the orbit; inferiorly, they reach the alveolar ridge of the
permanent dentition, invading the vacant crypts left behind after tooth eruption. The
anterior limit is located in the first premolar area and the posterior limit is generally

identified as the area of the third molar and maxillary tuberosity (Scuderi et al., 1993).
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Figure 1.12. Lateral view of a maxillary sinus (red) in an infant (0.5 years old), juvenile (15 years old) and
adult (>18 years old) of H. sapiens (Frankfort plane orientation). Image created in Avizo 9.0 by the
author. All ages are estimated based on the dental development status according to AlQahtani et al.

(2010). Image realised using Avizo 9.0 (courtesy of Anna Lucas).

Figures 1.12 and 1.13 illustrate the postnatal growth and development of the maxillary
sinuses in ontogeny at different age stages, in coronal and lateral view. As noted by
Adibelli et al., (2011), it is evident that the sinus grows predominantly along the antero-
posterior axis until the first year, followed by a lateral and downward enlargement, which

seems to be secondary to the lengthening of the face (Maddux and Butaric, 2017).

The rate of postnatal growth and the age by which the sinuses are said to reach their
maximum volume varies considerably between studies, ranging between 12 and 30 years
(Lorkiewicz-Muszyn’ska et al., 2015). This calls for clarification through further work.
Moreover, some studies have observed further enlargement of maxillary sinuses in adults
after posterior tooth extraction (Sharan and Madjar, 2008), suggesting that plasticity
persists into adulthood, as also confirmed by studies who found incredibly high variation

in modern human adult populations (Nikitiuk, 1983; Rosano et al., 2010).
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Figure 1.13. Frontal view of six different specimens of H. sapiens, showing the postnatal growth and
development of maxillary sinuses (red). a) <1 year old, b) 1 year, c) 4.5 years, d) 7.5 years, e) 12 years, and
f) 18+ years. All ages are estimated based on the dental development status according to AlQahtani et al.

(2010). Image realised using Avizo 9.0 (courtesy of Anna Lucas).

Kim et al., (2002) have made an attempt at classifying the adult morphology of maxillary
sinuses based on their morphology and the location of their walls in relation to the facial
bones, with the aim of better identifying clinical anomalies. Grahe (1931) observed that
when maxillary sinuses are not fully developed (specifically due to alteration of molar
growth in his experiment) their soft tissue properties in terms of activity are not affected,

thus suggesting that pneumatisation is not driven by soft tissue development.

The great degree of variation of maxillary sinuses between and within individuals (e.g.
lack of symmetry, difference in sizes and volumes or even absence on one side, Radulesco
et al., 2018; Gorza and Thevissen, 2019) supports the emerging hypotheses that
paranasal sinuses play a subordinate role in the context of the prenatal and postnatal
development of the cranium, responding to, rather than driving, maxillary growth and
development. Their prenatal development has been shown to occur under a high degree

of genetic control through a precise interaction of multistep cascade process (Gupta et
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al., 2020), but, as is evident, the postnatal relationships between craniofacial components
deeply influence maxillary sinus expansion (O’Higgins et al.,, 2006; Chaiyasate et al.,
2007). The causal relationships and the magnitude of interaction between these
elements are of interest to modern biologists and clinicians and should be further

investigated.

1.1.6.3 Maxillary sinuses: evolutionary history and variation

Maxillary sinuses are found in most groups of mammals and are believed to be present
in the last common ancestor of eutherians. In the primate order, maxillary sinuses are
present in many new world monkeys and in all anthropoids as well as their ancestors, the
Oligocene anthropoids Aegyptopithecus and Apidium (Rae and Koppe, 2004).
Interestingly, the whole group of cercopithecoids shows a lack of these features, with the
only exception being the genus Macaca (which possesses no other paranasal sinuses).
This observation led, at first, to the suggestion that this whole group of primates may
have undergone an early loss, a possibility supported by the absence of paranasal sinuses
in Victoriapithecus (along with the similar extinct genus Prohylobates), a stem
cercopithecoid from the Miocene (Rae and Koppe, 2004), and in other cercopithecoid
fossils (Mesopithecus, Late Miocene, Rhinocolobus, middle Pliocene, and Theropithecus
oswaldi, Plio-Pleistocene). These observations led to the conclusion that the presence of
maxillary sinuses in the genus Macaca could be explained as reacquisition (Kuykendall
and Rae, 2008). This view is supported by the presence of maxillary sinuses in the late

Pliocene cercopithecine fossils Paradolichopithecus and Macaca majori.

However, recent evidence challenges this interpretation because of the presence of
maxillary sinuses in three taxa of extinct cercopithecoids: the late Miocene
Cercopithecoides williamsi, a colobine from South Africa (Kuykendall and Rae, 2008); the
Asian cercopithecine Paradolichopithecus sushkini and Libypithecus markgrafi, a late

Miocene colobine from North Africa (Rae, 2008).

The presence of maxillary sinuses only in the genus Macaca among extant

cercopithecines has led researchers to focus on this genus. When maxillary sinus volume
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is measured in different Macaca fuscata populations, the results show that, in cold
regions, the volume is smaller (Rae et al., 2003). Likewise, a gradient toward smaller
maxillary sinuses and larger nasal turbinates are observed in different Inuit populations
with the increase of latitude (Shea, 1977). This suggests enlargement of the nasal cavity
to function as a more effective air conditioning organ, causing a consequent reduction of

the space available for maxillary sinuses to grow.

Reflecting this variation among anthropoids, modern human maxillary sinuses are highly
variable, sometimes asymmetric, congenitally absent or, particularly pneumatised and
the adult form can vary extremely, especially when considering populations from

different habitats (O’Higgins et al., 2006; Shea, 1977; Butaric, 2015; Kim et al., 2002).

Maxillary sinus evolution has been investigated also in fossil hominins, with a focus on H.
neanderthalensis. In particular, there is an ongoing debate as to whether this species
possesses more pneumatised sinuses compared to modern human warm climate
populations as an adaptation to cold climates, functioning for heating and humidifying
inhaled air (Holton et al.,, 2011; Rae et al.,, 2011a, 2011b). Thus, a recent study from
Marquez et al. (2014) analysed maxillary sinus volume in modern populations at different
latitudes. It showed that relative maxillary sinus volumes (scaled by cranial length and
endocranial volume) tend to be higher among the warm climate groups. Interestingly,
the two Neanderthal specimens analysed in the study exceeded the values of all the
human samples but were closest to the values of the tropical and South African human
groups. Rae et al. (2011a) confirm that maxillary sinus pneumatisation in Neanderthals is
not cold-adapted, being comparable in scale with that seen in H. sapiens from European
temperate climates. These results suggest that the distinctive Neanderthal midface
should not be interpreted as a direct result of increased pneumatisation, nor is it likely to

be an adaptation to resist cold stress.

When analysing sinuses in modern humans, Butaric (2015) looked at modern human
variation in the relationship between nasal cavity and maxillary sinuses. The author found
that individuals from cold—dry climates have larger maxillary sinus volumes and narrower
nasal cavities, while smaller volumes are associated with wider nasal cavities in hot—
humid climates. These findings are in direct contrast with those outlined earlier (Marquez
et al.,, 2014), who found individuals from warm climates to have bigger sinus volumes.

According to Holton et al. (2013), there is a positive relationship between nasal cavity and
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maxillary sinus volumes, indicating that maxillary sinuses do not accommodate variation
in nasal cavity volume. However, in their study, maxillary sinus volume is inversely
correlated with relative internal nasal breadth. Thus, the authors suggest that maxillary
sinus volume appears to be important for accommodating nasal cavity shape rather than
size. This interpretation is supported by Butaric (2015), who suggests that the maxillary
sinus acts as a zone of accommodation allowing the nasal shape to maintain a certain
degree of independence and allowing it to vary and adapt to different environmental

pressures.

Recent works (Butaric and Maddux, 2016; Maddux and Butaric, 2017) found complex but
consistent covariation between midfacial and maxillary sinus morphology in two modern
human populations from the Sahara and Alaska. The authors conclude that previous
results of Butaric (2015) indicating larger maxillary sinuses among cold-adapted
populations are not exclusively related to relatively narrow nasal cavities, but primarily to
greater maxillary and zygomatic heights. In conclusion, they suggest that sinuses may
serve as sites of accommodation for multiple facial elements, potentially behaving like a
buffer, by reducing the effect of morphological alterations in one facial component on

another.

As is evident, maxillary sinus evolutionary history is all but simple, and the pattern of
presence/absence in modern and fossil taxa needs to be further examined in a
developmental and ecological framework. Future analyses should focus not only on sinus
volume but also on its morphology and that of the surrounding anatomical structures

such as nasal cavity, orbits, palate, and the zygomatico-maxillary complex.
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1.1.7 Evolutionary hypotheses on facial differences between H. sapiens and H.
Neanderthalensis

The European fossils attributed to late H. neanderthalensis (about 230-40.000 years ago,
Sistiaga et al., 2014) show a number of distinctive cranial features when compared to

modern humans (Weaver, 2009).

The Neanderthal brow ridge is thicker and double-arched and the eye sockets are larger
and more rounded. The cranial capacity is bigger, with the occipital being projected more
backwards, and the enlargement of the anterior cranial fossa creates a more expanded
frontal. Neanderthal midface is also more prognathic, due to an everted and broad nasal
cavity and to obliquely oriented and swollen cheekbones (Harvati, 2010; Harvati-

Papatheodorou, 2013).

The appearance of ‘anatomically modern humans’ (Stringer et al., 1984) in Europe is
currently linked to the passage from the Middle to the Upper Palaeolithic (Higham et al.,
2011) and represents a considerable change in craniofacial architecture, marked by the
presence of a series of autapomorphies. As a general description, these include the
presence of a chin, the absence of a strong supraorbital torus, a short (anteroposteriorly
and superoinferiorly) orthognathic face retracted underneath the anterior cranial fossa,
a more flexed basicranium, a frontal bone vertically developed and a tall, wide, short and

globular neurocranium (Lieberman et al., 2002).

Nonetheless, some of the early specimens of H. sapiens (Quazfeh IX, Zhokoudian, Skhul
V, Jebel Irhoud) still retain some primitive characteristics such as the absence of the chin,
a thick supraorbital torus, a large and rounded orbital margin, and a quite prognathic face
(with a particularly tall midface), thus showing that modern human “gracile”
characteristics are quite recent and have been gradually developing throughout the

evolution of H. sapiens (Lieberman, 2011).

Many papers have looked into an evolutionary explanation for the morphological
differences that clearly separate these two species. When focusing on the nasal aperture,
despite their apparently peculiar midface, recent studies (Villmoare et al., 2014; Rae et
al., 2011a) have observed that Neanderthal nasal cavity and maxillary sinus volumes fall

within the range of modern African variation, thus challenging two major concepts: the
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first related to their particularly large nasal dimension, the second related to this

dimension as an adaptation to cold climates.

Indeed, the midfacial morphology of Neanderthals is sometimes seen as an
environmental adaptation (Yokley, 2006; Holton and Franciscus, 2008), a view supported
by recent papers on the nasal shape of modern human populations adapted to cold
climates (Noback et al.,, 2011; Evteev et al.,, 2014). This perspective emphasizes the
evolutionary role played by natural selection as the major force shaping Neanderthal and
H. sapiens skull morphology. Nonetheless, Neanderthals differ from modern humansin a
wide range of craniofacial features that provide a different basis upon which cold
adaptation may have acted, therefore any comparison with modern human facial

anatomy and adaptations must take this into consideration (Villmoare et al., 2014).

A recent study of nasal airflow using fluid dynamics also supports the climatic theory. The
authors found that fluid residence time was similar for the reconstructed nasal cavity of
Neanderthal and that of modern human arctic populations and concluded that the nasal
performance in terms of airflow in Neanderthals and modern human arctic populations
can be seen as a case of convergent adaptation for cold and dry environments (De

Azevedo et al., 2017).

Another interpretation of Neanderthal facial features considers them a biomechanical
adaptation to their postulated paramasticatory behaviour, as suggested by the heavy
wear of their front teeth (Rak, 1986; Trinkaus, 1987; Demes, 1987). However, Wallace et
al., (1975), comparing Neanderthal specimens with modern human populations and
primates, suggest that incisor rounding is more likely the result of contact with abrasive
food. Furthermore, other authors (O’Connor et al., 2005; Clement et al., 2012) observed
that all Late Pleistocene hominins show heavy anterior tooth wearing and that

Neanderthals are not different in this respect.

Another biomechanical hypothesis interprets the general reduction in size and thus
robusticity of the modern human face as a result of reduced mechanical loading during
mastication (Wang et al., 2010). However, a recent paper (O’Connor et al., 2005)
measured bite force production and efficiency in modern humans and Neanderthals,
concluding that differences in size, rather than in the morphology of the maxilla, reflect

differences in the masticatory performance, thus suggesting that alternative explanations
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for their facial architecture are more likely (e.g. physiologic, developmental, and/or

stochastic mechanisms).

A further interpretation considers Neanderthal facial morphology as primarily the result
of genetic drift (Ackermann and Cheverud, 2004). According to Weaver et al. (2007),
cranial morphological differences between Neanderthals and H. sapiens can be explained

by neutral diversification (drift) better than adaptive explanations.

As evident from most of the studies cited here, the debate about the origin of
Neanderthal’s autapomorphies is still very much open and further studies are needed to

shed light on the processes leading to the peculiar morphology of this species.

Discussion about “why” they arose are elaborated in this section, while Section 1.1.2
analyses theories about “when” they arise during ontogeny and “how” they are carried
into adulthood. Indeed, the evolutionary and ontogenetic mechanisms leading to these

morphologically distinct species are still to be unravelled.
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1.1.8 Objectives and hypotheses

The foregoing review has highlighted a number of areas where the current understanding
of facial growth and how it may differ between modern humans and Neanderthals is
limited. This thesis aims to address key aspects of these topics, pertinent to
understanding how evolution has shaped the crania and particularly the faces of these
two closely related hominins. This study quantifies and describes the patterns of cranial
and facial growth, development and integration in modern humans and how they differ

among different age classes, analysing the internal and external morphology.

While studies of craniofacial modularity and integrations in adult modern humans are
numerous (Lieberman et al., 2002; Bookstein et al., 2003; Bruner, 2007; Bastir, 2008),
little is known about the relationships among cranial regions when considering shape and
size, or form and age, during ontogeny. Most studies of ontogeny have focused on the
use of angles, linear measurements and cephalometric landmarks (Lieberman et al.,,
2000; Bastir and Rosas, 2005; Bastir et al., 2006), because of the ready availability of 2D
data. The first part of this study fits into the context of the increasing number of studies
that have examined the ontogeny of modern human crania using 3D measurements
(Singh et al., 2012; Bastir and Rosas, 2016; Profico et al.,, 2017) but aims to a more
complete analysis of the phenomena of growth, development and integration among

cranial regions than has thus far been carried out.

In addition, recent research is progressively more interested in the relationships between
internal and external elements of the cranium (Noback et al., 2011; Butaric and Maddux,
2016), therefore this study fits into the body of research focussing on investigating
covariation among superficial and internal structures (both soft and skeletal tissues) of
the head, with the purpose of increasing understanding of how the infant form develops
into an adult and laying the foundation for the building of normative growth and

developmental references in modern humans.

This project extends those studies to the ontogenetic growth and development of H.
sapiens and Neanderthals by comparing their facial ontogenetic trajectories and
covariation among facial sub-regions. As extensively addressed in this chapter, facial
ontogenetic trajectories have been investigated in H. sapiens and H. neanderthalensis

(Ackermann and Krovitz, 2002; Ponce de Leon and Zollikofer, 2001). However, there has
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not been a focus on proper testing of divergence, with the exception of Bastir et al.
(2007), who found a significant divergence in the mandible of these two species. This
study is the first to test divergence in the upper and midfacial morphology of
Neanderthals and modern humans, using a 3D landmark configuration that explores
internal and external morphology of these two species. Building on top of the literature
elaborated in previous sections, the thesis addresses four general hypotheses that will be

broken into working hypotheses in Chapter 3:

1. Allometry, ontogenetic trajectories as well as patterns of integration of the cranial

vault, cranial base and face do not differ between different age classes.

Integration between cranial base and face, and cranial base and neurocranium in modern
humans has been investigated with contrasting results (Bookstein et al., 2003; Bastir and
Rosas, 2004; Lieberman et al., 2008; Mitteroecker and Bookstein, 2008; Singh et al., 2012;
Profico et al., 2017), which depend on the choice of the regions of interest and so, the
landmark configuration. In this thesis, a comprehensive landmark and semilandmark
configuration covering the entire cranial surface of an ontogenetic series is used to
characterise and compare growth and developmental changes in allometry and

integration.

2. Allometry, ontogenetic trajectories as well as patterns of integration of the
zygomatico-maxilla, palate, sinus, nasal cavity and orbits do not differ between different

age classes.

This general hypothesis builds on the literature cited in this chapter concerning growth
and development of facial elements using linear measurements and cephalometric
studies (Bastir and Rosas, 2004; Bastir et al., 2006; Bookstein, 2008; Evteev et al., 2018,
Holton et al., 2018). It will be tested by assessing differences in the durations, rates and
modes of growth and development and by comparing degrees of integration throughout

ontogeny.

3. That the nasal septum and the soft tissues do not have marked growth interactions
with each other or to other cranial regions that could drive overall facial growth and

development
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This hypothesis is derived from the controversy explored in Section 1.1.5 regarding the
Functional Matrix and Nasal Septum theories (Scott, 1954, 1956; Moss and Young, 1960;
Moss, 1968; Moss et al., 1968). It will be tested by quantifying the covariation among the
skeletal bony and cartilaginous elements and the soft-tissue matrices of the face and their

relative contributions to overall facial growth and development.

4. Facial ontogenetic trajectories do not diverge significantly among Neanderthals and
modern humans. Patterns of integration among facial sub-regions are similar in these two

species.

Contrasting results have been reported concerning postnatal facial ontogenetic
trajectories in those two species (Ponce de Leon and Zollikofer, 2001; Ackermann and
Krovitz, 2002; Bastir et al., 2007), and while it is evident that infant and adult
morphologies differ significantly among modern humans and Neanderthals it is unclear
how these differences are carried from infancy into adulthood and if similar
morphological changes occur in the two species. This hypothesis will be tested by
comparing and visualising differences in ontogenetic trajectories and by comparing

patterns of facial integration between the two species.

To test these hypotheses, detailed craniofacial ontogenetic 3D models of modern
humans and Neanderthals are compared using an approach based on landmarks and

semilandmarks using geometric morphometrics and multivariate analysis.

59



2.0 Materials and methods

2.1 The modern human sample

The modern human sample consists of 68 three-dimensional segmented crania belonging
to individuals aged from newborns to adults (see Table S1 of Supplementary Material for

list of all specimens).

Segmentation and 3D surface extraction were also performed for the maxillary sinuses
(the sinus segmentation was carried out by Anna Lucas for her MSc project and revised
by the author). The segmentation procedure is described in Section 2.0.3 of this chapter).
For all the specimens of unknown age, this was estimated based on molar eruption (Carr,
1962) up to a maximum of 23.5 years, when full dental maturity is reached (AlQahtani et
al., 2010). Age class was defined for all the specimens as follows: younger subadults from
0 to 5.5 years (M1 in crypt), older subadults from 6 to 18 years (M1 erupted to M3 in
crypt), adults from 18 years onward (M3 erupting). 19 specimens belonged to the
younger subadult group, 21 specimens belonged to the older subadult group and 28
specimens belonged to the adult group.The specimens were obtained by segmenting CT-
scans from several collections: the online database Nespos (www.nespos.org), courtesy
of the University of Leeds (UK) and the University College London (UK); the Scheuer

collection, courtesy of the University of Dundee (UK) and Dr Craig Cunningham.

For path analysis (see Section 2.0.6 of this chapter), linear measurements, volumes and
surfaces were extracted from a collection of 227 medical CT-scans of specimens from 0
to 6 years old (age known) courtesy of Dr Evteev and the National Scientific and Practical
Centre of Children's Health (SCCH), Moscow (Russia). The use of this dataset was
approved by the Independent Ethics committee at the SCCH, Moscow (Russia), and by
the Hull York Medical School Ethics Committee, York (UK).
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2.2 The Neanderthal sample

The Neanderthal sample consists of: four CT-scans and Micro-CT scans of the younger
subadults Mezmaiskaya 1, Le Moustier 2, Pech de I'Aze, Roc de Marsal; one
photogrammetry model obtained using the protocol described by Evin et al. (2016) of a
cast surface of the older subadult specimen of LaQuina18; the CT-scans of the following
adults: La Ferrassie 1, Gibraltarl, Guattari, La Chapelle, Saccopastore 1, Saccopastore 2;
one surface scan of the cast of the specimen Amudl. The approximate ages for the
Neanderthal immature sample were derived from the literature (Ponce de Leon and
Zollikofer, 2001; Martin-Gonzalez et al., 2012, see Table S2 of Supplementary Material

for the list of Neanderthal specimens).

The surface reconstructions and CT-scans of the younger subadults Mezmaiskaya 1 and
Le Moustier 2 were kindly provided by Dr Gunz, Prof. Hublin, Prof. Maureille (Gunz et al.,
2012). The micro-CT of the Pech de I’Aze specimen was kindly provided by Prof. Balzeau,
Prof. Bahuchet, Prof. Grimaud-Hervé at the Musee de I'Homme, Paris (France). The
micro-CT of the Roc de Marsal specimen was available on the Nespos Archive, courtesy
of Prof. Macchiarelli, Dr Mazurier, and Dr Volpato at the University of Poitiers (France).
The CT-scan of the Neanderthal specimens Gibraltar 1 was kindly provided by Dr
Kruszynski and the Natural History Museum, London (UK). The Neanderthal cast of La
Quina 18 belongs to the cast collection of the Laboratory of Palaeoanthropology and
Bioarchaeology of the Sapienza University of Rome (ltaly). The CT-scans of the
Saccopastore 1 and Saccopastore 2 were kindly shared by Prof. Giorgio Manzi, Sapienza
University of Rome (ltaly). The CT-scans of La Chapelle and La Ferassie 1 specimens were
provided by the Natural History Museum in Paris (France). The CT-scan of Guattari was
provided by Dr Bondioli, Pigorini Museum, Rome (ltaly). The Amud 1 surface scan was

available on the Morphosource database.
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2.3 Semi-automatic and automatic segmentation of 3D surfaces

The first step in making a 3D reconstruction from a stack of 2D images is segmentation,
in which the structures of interest are labelled as particular materials by either
automatically or manually delineating their physical boundaries in contiguous slices
(Mansoor et al., 2015).

For this thesis, the CT-scans of the modern human sample were segmented semi-
automatically using the software tool Avizo 9.0 (FEI Visualization). Because these scans
are of dry bones, contrast is good between the cranium and air, therefore, the initial
segmentation could be performed using a single global threshold that maximised the
inclusion of bone material in the resulting virtual reconstruction of the crania.

For the global threshold applied to the crania, a histogram-based procedure was chosen.
The grey level histogram being bimodal, the value of the threshold was placed in the
valley between the two peaks, representing the cranium and the background (Pun, 1980).
A second global threshold was applied to segment the maxillary sinus bone material
(Figure 2.1). This semi-automatic segmentation often resulted in errors in the
reconstruction of the orbital and nasal walls of the sinuses. This is because when CT-
scanning, the acquired signal is sampled and not continuous and the effect of partial
volume averaging becomes apparent after thresholding (Spoor et al., 1993). Therefore,
thresholding of both cranium and sinuses was then reviewed, slice by slice, so that the
presence of unwanted elements (such as the scanning bed) and errors in segmentation
(small holes in thin-bone structures such as the eye sockets and sinus medial walls) were
manually removed using the brush-tool available in Avizo 9.0. In addition, potential small
holes in the surfaces were corrected using the Mesh Doctor tool, an automatic polygon

mesh improvement tool (Carlson et al., 2016) of the software Geomagic Studio.

This semi-automatic segmentation process was repeated three times on separate days
for 9 specimens of H. sapiens and error in volume reconstruction was estimated by
comparing volumes of the extracted sinuses (see Table S3 of Supplementary Material for
details). The mean percentage error was 3.3%. Further, to assess the impact of
segmentation approach on estimates of maxillary sinus volume, the volume of the right
maxillary sinus of the modern human adult specimens (N=20) obtained by applying an

automatic, mesh-based segmentation procedure developed in the R environment, was
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compared with that obtained using the traditional semi-automatic approach in the Avizo
9.0 imaging software. The mesh-based segmentation tool is embedded in the R package
“Arothron”. The tool, called "ast-3d" (Profico et al., 2018), uses the "Hidden Point
Removal" (HPR) operator developed by Katz et al. (2007). In brief, the HPR operator
detects the visible points from a single point of view (POV). In the “Arothron” R package
the HPR operator is implemented and specifically designed to "prune" skeletal cavities.
The method requires the definition of a POV placed inside the cavity to be segmented.
The POV was defined by placing a central landmark in the sinus cavity of each cranial
mesh using Avizo 9.0. Using the R studio software (R Core Team, 2019), the POV was used
as a viewpoint to extract the right sinus mesh. The small holes in the thin orbital and nasal
sinus walls of the resultant mesh surfaces were repaired in Geomagic Studio using the
Mesh Doctor tool.

The volumes of the sinuses obtained by semi-automatic segmentation in Avizo 9.0 and
by automatic surface extraction in R studio were compared using a paired t-test. After
the data were tested for their normal distribution (Shapiro-Wilks for manual=0.9538, and
automated= 0.9324), a paired t-test was carried out to test for significant difference in
the measured volumes using the two methods. The results (t= 0.6244, p-value= 0.54063),
show no significant difference in the estimation of sinus volume between the automatic

and manual method (results carried out by Anna Lucas during herMSc ).

Furthermore, two adult sinus meshes, one obtained by semi-automatic segmentation in
Avizo 9.0 and the other by automatic surface extraction in R studio, were extracted and
compared using the mesh distance tool in Avizo 9.0. The resulting colour map underlines
that the largest differences in terms of mesh distances are recorded in areas in which,
after segmentation, holes were present and fixed automatically using the Mesh Doctor

tool in Geomagic Studio (see Figure S1 of Supplementary Material for colour map results).

When the automatic method “ast-3d” was applied to extract the sinus surface of the
younger subadult specimens (age 1 to 5.5), this resulted in meshes that presented several
large and irregular holes. This is likely because, in infants, sinus walls are thinner than in
more mature individuals and were not detected by the automatic tool, which uses a single
threshold value. In this case, the application of the Mesh Doctor tool (Geomagic) was not
sufficient to fill all the holes appropriately; therefore, the comparison of the semi-

automatic and the automatic methods was not possible for the younger subadult
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category. Since R studio was unable to perform the sinus segmentation for the younger
subadult group, the semi-automatic segmentation in Avizo 9.0 was chosen as the

standard procedure for all the specimens.

For the segmentation of the fossil crania, global thresholding and surface rendering were

performed on all the specimens for which Micro-CT scans or CT-scans were available.

Figure 2.1. The sinus segmentation process performed in Avizo 9.0 showing three materials (transverse
plane): blue — threshold defined cortical bone, yellow — temporary added material to close off the medial
opening to the nasal cavity and reinforce thin bone walls, and red — the selected sinus cavities (segmentation

carried out by Anna Lucas during her MSc project and supervised by the author).
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2.4 Geometric Morphometrics

2.4.1 Quantification of morphology and analyses of variation

Comparative morphological analysis has always played a central role in biological studies
(Adams et al., 2004). Qualitative descriptions of morphology have utility and a long-
established history of application but are inherently subjective and lack repeatability.
With the advent of multivariate statistical-quantitative approaches in the mid-twentieth
century, linear measurements, indices and angles were used to explore shape variations
and evaluate morphological differences between taxa (Sokal, 1958; Blackithand Reyment,

1971; Bookstein, 1998).

More recently, Geometric Morphometrics (GM) has provided a powerful tool for the
investigation of shape variation and covariation that has been widely applied to the study
of organismal growth, development and evolution (Bookstein, 1991; Drydenand Mardia,
1998; Slice et al., 2007; Zelditch, 2012). Increasing numbers of clinical and surgical studies
have applied GM to study morphological changes in development, growth or pathology,
to identify associations among skeletal units and between them and related soft tissues,
to recognise proper and abnormal growth and development and document variation in
anatomical structures (Singh et al., 2004; Hajeer et al., 2004). Before going on to consider
GM in more detail it is worth reflecting on how it differs from standard morphometric

approaches using linear measurements and angles.

Linear measurements between landmarks individually describe the distance between
two points, while more than two measurements begin to describe the form, size and
shape of an object. Multiple measurements taken on a sample can be submitted to
multivariate analysis to assess and describe form variation. The use of linear
measurements is well established and, with angular measurements formed the basis of
what became known as multivariate morphometrics (Blackith and Reyment, 1971;
Mardia et al., 1979). If we are interested in shape, scalings can be applied to the variables
before further analysis. Visualisation of the results of multivariate morphometric analyses
of form or shape based on linear measurements is possible if the measurements are

designed in such a way that the original geometry of the object can be reconstructed (e.qg.
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in Euclidean Distance Matrix Analysis, EDMA; Lele and Richtsmeier, 1991; Richtsmeier et

al., 1993 a,b; Adams et al., 2004; and truss measures, Strauss and Bookstein, 1982)

However, the use of linear measurements or angles to describe shape is problematic. The
key issue is that the shape spaces resulting from scaling of inter-landmark distances and
from angles have undesirable distributions in the resulting shape spaces and so are a poor

choice for statistical analysis (O’Higgins, 2000; Rohlf, 2000).

These issues were the subject of intense debate and discoveries in the 1980s and 1990s
(Bookstein, 1982; O’Higgins and Dryden, 1992; Richtsmeier et al., 1992; O'Higgins and
Dryden, 1993; Bookstein, 1996; Marcus and Corti, 1996; Dryden and Mardia, 1998; Rohlf,
1999) and led to the advent of GM, an approach that caused a shift in the way in which
biological structures were measured and investigated in many disciplines (Rohlf and

Marcus, 1993).

In GM the geometry of an object, its form, is described using the landmark coordinates
themselves, rather than measurements taken between them (Zelditch et al., 2012). To
be comparable, these coordinates have to be equivalent in some sense, which means
that they must correspond to points that are believed to have ‘the same’ developmental,
evolutionary or functional significance in different organisms (O’Higgins, 1997; Bookstein,

1997).

Landmarks can be placed on 2D (X-rays, pictures) and 3D surfaces (mesh renderings from
CT-scan, laser scan or photogrammetry) and should be chosen to provide an adequate
representation of the object under study depending on the underpinning biological
question (whether it is developmental, evolutionary, functional, etc) (O’Higgins, 1997;
Lele and Richtsmeier, 2001). When equivalent points between specimens are scarce,
semilandmarks (defined as those on curves or surfaces with location ill-defined;
Bookstein, 1997; Mitteroecker and Gunz, 2009; Gunz and Mitteroecker, 2013) can be
applied to improve visualisation and multivariate analyses, as long as a sufficient number
of equivalent landmarks can be used as a fixed reference to control subsequent sliding to
minimise location error between specimens (see Section 2.0.4.5 of this chapter on sliding

semilandmarks).
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2.4.2 Generalised Procrustes Analysis

The configurations of landmarks differ among objects in form (size and shape) and in
location and orientation. Geometric morphometric analyses aim to investigate the shape
of objects, regardless of ‘size’” (specifically, centroid size, see below), location and
orientation in space. As such, GM relies on the computation of shape differences among
objects, expressed as Procrustes distances. These distances are estimated through
Generalised Procrustes Analysis (GPA; Gower, 1975; Kendall, 1984; Rohlf and Slice, 1990;
Goodall, 1991). This proceeds by standardising size, position and orientation of the
landmark configurations through registration. Squared distances between equivalent
landmarks taken on all specimens are minimised by scaling, translating and rotating
(aligning) the individual's landmark configurations using their centroid (the arithmetic
mean of all landmark coordinates, Mitteroecker et al., 2013). Scaling is carried out such
that the centroid size (CS or Csize - the square root of the sum of squared distances of a
set of landmarks from their centroid, Mitteroecker and Gunz, 2009) of each configuration
is scaled to 1 by dividing the raw landmarks by their centroid size. Configurations are then
superimposed at their centroids and iteratively rotated with respect to each other to
minimize the sum of squared distances of the specimens from the mean shape. In the
first iteration, the specimens are aligned to an arbitrarily chosen one and once all
configurations are fitted to this, the rotation minimises distances between equivalent
landmarks. Once all specimens are fitted, the sample mean of each coordinate is
computed. In subsequent iterations, the configurations are fitted to the mean, which is
recomputed and used in the next iteration. The algorithm stops when the sum of
residuals from the mean reaches a minimum, usually after 3-5 iterations. The resulting
registered landmark coordinates are known as ‘shape coordinates’ and can be submitted
to statistical analysis. In the present study, GPA was carried out using the function

“ProcSym” of the package “Morpho” in R studio (Schlager, 2017).

After GPA, specimens come to lie on the manifold of a hypersphere known as Kendall’s
shape space (Kendall, 1984; Goodall, 1991; Dryden and Mardia, 1993). As long as
variations are small, the scatter of points over this manifold will be concentrated and, for
practical purposes, the region of shape space which they occupy can be considered

approximately planar and so suitable for multivariate analyses using linear models
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(Dryden and Mardia, 1993). However, it is common to linearize formally the region of
Kendall’s shape space occupied by the specimens under study by carrying out a tangent

projection (Dryden and Mardia, 1993; Kent and Mardia, 2001).

The tangent projected shape variables are then submitted to statistical analyses pertinent
to the question at hand. Centroid size differences are also of interest and these can be
used to examine how shape covaries with centroid size in studies of allometry or
combined with shape data, as an extra column in the shape coordinate data matrix
(Mitteroecker et a., 2004; Mitteroecker et al., 2013), allowing analyses of size and shape
differences or covariance with other factors using standard multivariate methods

(Chatzigianni and Halazonetis, 2009; Pujol et al., 2016).

In GM the results of multivariate statistical analyses can readily be visualised as warpings
of points. By interpolating the differences in the shape of the landmark configuration to
the space between landmarks, using Thin Plate Splines (TPS), visualisations can
incorporate surfaces and volumes. Such visualisations allow us to intuitively appreciate

shape variations.

In this thesis, geometric morphometric methods were used to investigate growth
trajectories, covariation and modularity between cranial regions in modern humans and

the extent to which the same patterns can be observed in the ontogeny of Neanderthals.

2.4.3 Landmark and semilandmark configuration used in the study

For the modern human sample, 89 landmarks were recorded on the 3D surface mesh of
each cranium, covering the external and internal surfaces of the face, base and cranial
vault (Figure 2.2 and 2.3). A list of definitions of the landmarks used in this thesis is

provided in Table S4 of Supplementary Material.

68



Figure 2.2. Landmark configuration (89 landmarks) shown on a juvenile specimen of modern human.

Image created by the author using Avizo 9.0.
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Another set of landmarks was designed for the maxillary sinuses (Figure 2.3). Six
landmarks were located on the surface of each sinus, five of these were defined as
geometrical landmarks: the most extreme surface points on the antero-posterior and
dorso-ventral axes, and the most lateral points on the left-right axis, with crania oriented
along the Frankfort Plane (Maddux and Butaric, 2017). One homologous landmark (type

[) was collected on the internal surface of the maxillary sinuses, defined as the ostium,

which connects the maxillary sinuses to the middle turbinate.
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Figure 2.3. Maxillary sinus landmark configuration shown on a right sinus (6 Landmarks) with the cranium
oriented on the Frankfort Plane: L1 most superior point on the maxillary sinus; L2 most anterior point on
the maxillary sinus; L3 most posterior point on maxillary sinus; L4 most inferior point on the dorso- ventral
axis of maxillary sinus; L5 most lateral point on the maxillary sinus; L6 point on the maxillary sinus ostium

on the internal surface of maxillary sinus. Image created by the author using Avizo 9.0.
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For the study of the cranial regions of the vault, base and face (Chapter 3 Section 3.1) the
cranial landmark configuration (89 landmarks) was used as a reference for building a
template of 155 3D surface semilandmarks covering the entire cranium (Figure 2.4).
Semilandmarks (Gunz and Mitteroecker, 2013) are useful to capture shape variations on
anatomical regions devoid of clearly delineated landmarks (e.g. cranial vault). The
template of semilandmarks was built using the specimen that was closest (Procrustes
distance) to the mean shape of the modern human sample, as assessed by Procrustes

distance.

Figure 2.4. Landmark (yellow) and semilandmark (green) configurations used for the study of cranial

ontogeny in modern humans shown on a juvenile specimen. Image created by the author using Avizo 9.0.
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Additional semilandmarks were collected on curves to describe the complex morphology
of the nasal rim, orbital margins and nasal choanae (Katina et al., 2007). A total of 44
curve semilandmarks was recorded for each specimen (Figure 2.5). The sliding of
semilandmarks (see Section 2.1.6 of this chapter for details of the procedure) was

performed considering fixed, surface and curved semilandmarks simultaneously.

Figure 2.5. Curve semilandmark configuration used for the study of cranial ontogeny in modern humans
shown on a juvenile specimen: orbital rims, piriform aperture, choanal rim. Image created by the author

using Avizo 9.0.
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A subset of the cranial landmark configuration covering only the face (43 landmarks) was
used for the ontogenetic study of the facial morphology (Chapter 3 Section 3.2) and used
as a reference to build another set of 36 surface semilandmarks and 22 curve

semilandmarks (Figure 2.6). A separate process of sliding was performed for this dataset.

Figure 2.6. Landmarks and semilandmarks for the study of facial ontogeny in modern humans shown on a

juvenile specimen: choanal rim semilandmarks not visible. Image created by the author using Avizo 9.0.

For the analyses that include the Neanderthal fossil sample, the same configuration of 43
facial landmarks was used (Figure 2.7). In order to obtain a landmark configuration that

describes the internal and external anatomy of the midfacial region, missing landmarks
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were estimated in each fossil specimen using TPS (Mitteroecker and Gunz, 2009, see

Section 2.0.4.4 for further details).

Figure 2.7. Set of 43 landmarks used to analyse the relations between H. sapiens and H. neanderthalensis.

Top: juvenile of H. sapiens, bottom: adult of H. neanderthalensis.
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2.4.4 Intraobserver error and missing data

To assess the intra-observer error in landmarking and to ensure the reproducibility of
results, two adult and two juvenile modern humans were landmarked on five separate
occasions (days) over one month. After performing a GPA, a PCA was carried out and the
distribution of data was observed empirically to ensure that the variance due to
repetition in landmarking the same specimen was smaller than the variance among
specimen repeat means (Von Cramon-Taubadel et al., 2007, see Figure S2 of

Supplementary Material for details).

Missing landmarks were estimated for the dataset of H. neanderthalensis. Although
incomplete, specimens with missing landmarks can provide useful information and
Arbour and Brown (2014) have argued that they should not be removed from the sample,
except for those cases in which it is not possible to collect most of the landmarks of the
total configuration. By comparing the variance structure within each data set, the authors
were able to examine the point at which the inclusion of reconstructed specimens more
closely matched the variation present within the original data set, than by analysing
complete specimens alone. The results lead to the conclusion that removing incomplete

specimens can affect landmark-based shape analyses more than estimating missing data.

Geometric mean, regression and TPS methods have been applied in the literature to
estimate missing landmarks. The geometric morphometric mean method (Adams et al.,
2004; Neeser et al., 2009; Brown et al., 2012; Arbour and Brown, 2014) estimates the
mean shape (average Procrustes shape) of a dataset. After Procrustes registration of the
specimen with missing landmarks to the mean, based on available landmarks, the shape
coordinates of the mean are substituted for missing shape coordinates in the incomplete
specimen. An alternative, the regression method, estimates missing data via least-
squares regression (Adams et al., 2004; Couette and White, 2010; Brown et al., 2012;
Arbour and Brown, 2014), predicting missing coordinates from the regression coefficients
derived from complete landmark configurations. Missing landmarks can also be
estimated using a TPS interpolation procedure (Gunz et al., 2009). Thin plate splines are
used to interpolate differences in relative landmark locations between two specimens to
the space between the landmarks. Interpolation using TPS has proven reliable for missing

landmark estimation in skeletal material (Gunz et al., 2009; Arbour and Brown, 2014). TPS
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estimates the missing landmarks by warping the mean shape of a complete configuration
(reference) onto the incomplete configuration (target), based on the subset of common
landmarks between the reference and the target. This interpolation function works by
minimizing the bending energy (analogised as the energy required to deform a thin,
uniform metal sheet between landmark configurations) of the warping. This leads to a
smooth interpolation of the space between landmarks (Gunz et al., 2005; Mitteroecker
and Gunz, 2009). To carry out TPS estimation of missing landmarks, a reference specimen
is required as well as one or more target specimens, whose landmarks are missing. The
reference can be a particularly well-preserved and complete specimen or a mean shape

(Mitteroecker and Gunz, 2009).

A recent study has compared the performance of geometric mean substitution,
regression and TPS in terms of accuracy of estimation of landmarks in incomplete
specimens (Arbour and Brown, 2014). In 3 out of the 5 samples (each one consisting of
one or more closely related species), for frequencies of incomplete specimens lower than
20% of the total sample, TPS, geometric mean substitution and regression performed
equally in the estimation of missing values. In all cases, using any of the estimation
methods was always better than excluding the incomplete specimens from the sample
(results also confirmed by Couette and White, 2010). The authors conclude that TPS
estimation generally performs less well than the other two methods, but that results
depend on frequencies of missing data, type of dataset and number of landmarks. In fact,
when using another dataset, Neeser et al. (2009) found that TPS is a better estimator
than the geometric mean substitution method. Therefore, the efficacy of TPS is at least
approximately equivalent to the other methods for low frequencies of incomplete
specimens and landmarks (<20%) and in the absence of large morphological differences
between the taxa used for the estimation (i.e closely related species, Arbour and Brown,

2014).

The missing data in the sample used for this study consist of 12 specimens (all belonging
to H. neanderthalensis) over 81 total specimens (H. neanderthalensis and modern
humans), thus the frequency of individuals with missing data is 15%. The number of
missing landmarks for each of the 12 specimens varies between 4 and 9 (average of 7
missing landmarks). 43 landmarks are used in the present study, thus the missing

landmarks represent about 15-20% of the total.

76



To assess the performance of TPS, geometric mean substitution and regression, an
accuracy analysis was carried out in which known landmarks were treated as missing and
estimated using each of these approaches. The resulting Euclidean and Procrustes
distances (see Figure S3 of Supplementary Material) show that TPS was the most accurate
method for estimating missing landmarks and therefore this method was applied to
estimate missing landmarks in the present dataset. No good same-species fossil
reference specimen was available for the estimation of the missing landmarks. Therefore,
this was based on the sample of modern humans as Neeser et al., (2009) showed that
using a closely related modern sample resulted in better estimation than using a

phylogenetically closer single individual.

After superimposition of the modern human and Neanderthal dataset, the 10 closest
complete specimens to each damaged individual (in terms of Procrustes distance) were
chosen to estimate a mean individual and perform the warping using TPS. Mirroring was
not performed at this stage as it reduces the asymmetric variation between sides and
therefore potential information about developmental instability (Couette and White,

2010) and other-sided landmarks were often not available.

2.4.5 Sliding semilandmarks

Earlier in this thesis, semilandmarks were described as being those on curves or surfaces
with ill-defined exact location over the surface or curve. This lack of adequate localisation
of matched surface or curve points renders them ‘noisy’, i.e. they add error variance to
the data. In order to resolve this, the idea of sliding semilandmarks was first raised by
Bookstein (1996b) as a way of minimising error in location of semilandmarks among a
sample of specimens. The basic idea is that a few true landmarks are located on surfaces
and curves and then a fixed number of semilandmarks are placed with approximately
even spacing over the surface or curve. The exact number of semilandmarks to be sited
on any one surface or curve is determined by the practicalities of the study and the

complexity of topography to be described by them. In a second step an algorithm is used
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to slide the semilandmarks over the surface such that the differences (either measured

by bending energy or Procrustes distance) among specimens are minimised.

The sliding procedure iteratively adjusts the positions of the semilandmarks until either
the Procrustes distance or bending energy between the template and the target form is
minimal. The choice of Procrustes distance or bending energy leads to different eventual
semilandmark positions and there is no clear basis for choosing one over the other.
However, minimisation of Procrustes distances takes the locations of all fixed landmarks
equally into account to guide the sliding, whereas the minimisation of bending energy
gives greater weight to landmarks near the surface or curve. For this reason, minimisation
of bending energy is often preferred (Gunz et al., 2005). The sliding algorithm is iterative,
first sliding all specimens to an arbitrarily chosen ‘reference specimen’ and then, in a
second step, computing the mean of all slid specimens estimated after GPA and re-sliding
against that. After sliding, landmarks and semilandmarks each have the same weight in

subsequent statistical analyses (Gunz and Mitteroecker, 2013).

In the present study, sliding was performed in R studio and the Evan Toolbox. Different
results were found on occasion because the EVAN toolbox was prone to projecting
landmarks onto nearby surfaces (i.e. to the inner surface of the vault from the outer). The
R studio package “Morpho” (Schlager 2017, functions “CreateAtlas”, “PlacePatch” and
“Slider3D”) proved to be the most reliable for performing the sliding when the surface
mesh has a double layer (e.g. cranial vault ecto and endocranial surfaces). This result is
probably due to the inflation parameter implemented in the “Morpho” package that
minimises the risk of semilandmarks being projected onto the wrong surface. The
software R studio was also used to slide semilandmarks along the curves. Using the
function “surface path” in Avizo 9.0, four curved lines (orbits, nasal rim, choanal rim) were
acquired on each specimen. Subsequently, for each curve, a predefined number of
equidistantly located semilandmarks was placed automatically (function “bezierCurveFit”
of the R package “bezier”; Olsen, 2014). As already mentioned, after Procrustes
superimposition of the landmark and semilandmark datasets, the mean shape was used
to slide the semilandmarks along the curves and surface in a single iterative operation to

minimise the bending energy between each specimen and the mean shape.

78



2.4.6 Thin plate splines, transformation grids and warping

Once landmarks have been collected, the form of specimens can be compared pairwise,
visually, in terms of warpings between them, or patterns of variation within the entire

sample can be assessed using Procrustes-based statistical analyses.

Warping of meshes representing surfaces or of volumes of specimens involves
interpolation of differences in landmark configurations to the space in the vicinity of the
landmarks, occupied by virtual objects representing surfaces or volumes (Whiteback and
Guo, 2006). Thus, differences between two landmark configurations are used to
smoothly warp surface meshes or volumes representing the anatomical structure on
which the landmark configurations were taken (Bookstein, 1991). The two configurations
are termed the reference configuration (the original object surface or volume) and the
target configuration (into which the object will be warped). They could be two specimens
or represent objects at opposite poles of a vector of interest arising from statistical

analyses, as described below.

In GM, warping is most commonly achieved using two (for 2D) or three (for 3D) Thin Plate
Splines (TPS) as interpolating functions. The thin plate spline comprises a uniform
(uniform stretching and shears) and a non-uniform component. It interpolates
differences in relative landmark locations to the space between them, minimising a
guantity from the non-uniform component known as the bending energy, analogised as
the energy required to deform a thin, uniform metal sheet. The ‘metal sheet’ is
constrained at landmark coordinates but otherwise free to adopt the form that requires
the minimum bending energy. This leads to a smooth interpolation of the space between
landmarks (Mitteroecker and Gunz, 2009). As noted above, bending energy is commonly
minimised by the algorithm used to slide semilandmarks. This is because bending energy
is larger for localised deformations than global ones of the same magnitude. Thus, sliding
of semilandmarks based on minimisation of bending energy gives greater weight to

minimisation of localised ‘errors’ in their initial locations.
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Transformation grids (Thompson, 1917) are often used to visualise local variations in
shape differences between two landmark configurations as a deformation (Figure 2.8).
They are calculated using one thin plate spline per dimension (2, for 2D or 3 for 3D data).
The grids can be interpreted as indicating how the space in the region of a reference
shape might be deformed into that in the region of the target such that landmarks of the
reference map exactly onto those of the target. The graphical representation of shape
differences resulting from these approaches is readily interpretable in 2D but less so in
3D, where warping of a surface or volume as a movie or a series of ‘stills’ may lead to a
better understanding of the nature and degree of form differences between
configurations. Care should be taken in balancing the visual appeal of transformation
grids against the underlying assumptions (e.g. smooth interpolation) in their
construction. From a biological perspective, it is important to bear in mind that this
mapping is purely mathematical, and it is based only on the locations of the original

landmarks (O’Higgins, 2000).

" ’

Figure 2.8. Transformation grids showing shape differences between two human crania. The grids are sited
in the sagittal plane and the crania are rendered semi-transparent so the grids can be viewed. A regular square
grid was drawn over the mean (reference) of the two crania and then it was deformed into each of them
(targets). Thus, it shows equal and opposite deformations in each that indicate the local and global differences

in shape between the two landmark configurations. Image created by the author using Avizo 9.0.
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Visualisation of warped surfaces can be improved by colour mapping the surface mesh to
represent regions of varying expansion or contraction (Profico et al., 2015; Piras et al.,
2020). The result is registration-independent colour maps showing variations in rates of
local expansion or contraction of the surface mesh. When preparing the mesh, its
triangulation is adjusted (Delaunay triangulation; Joe, 1991) to ensure triangles are close
to equilateral, which facilitate the plotting of a smooth colour map of changes in area
over the surface. The rates of expansion of triangles in the warped surfaces (a reference
and a target) are then colour coded and plotted on the target mesh, to represent

differences in area between the warped reference and target crania (Figure 2.9).

Figure 2.9. Example of a colour map resulting from calculation of differences in the surface areas of two

warped meshes (actual size proportions). Left: reference, right: target.
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2.5 Multivariate statistical methods

As already described earlier, with the advent of multivariate morphometrics (Blackith and
Reyment, 1971; Mardia et al., 1979), which replaced qualitative descriptions, linear
measurements, angles and indices were applied to explore biological forms (Sneath and

Sokal, 1962; Blackith and Reyment, 1971; Bookstein, 1998).

However, the use of linear measurements or angles to describe shape causes some
issues. The key issue is that after scaling of inter-landmark distances or using angles, the
resulting shape spaces have undesirable statistical properties (independent isotropic
error at landmarks does not result in isotropic distributions in the resulting shape spaces)

and show some problematics when it comes to statistical analysis (Rohlf, 2000).

With the introduction of geometric morphometrics, a powerful set of tools for the
investigation of shape variation and covariation was developed and applied to the study
of organismal growth, development and evolution (Roth and Mercer 2000; Cobb and

O’Higgins, 2004; Mitteroecker et al., 2004; Goergen et al., 2017).

2.5.1 Principal Component Analysis

Ordination methods are used to visualise the scatter of points representing specimens
within the shape space. They allow groupings and modes of variation among specimens
to be visualised. The most commonly applied ordination method in GM studies is principal
component analysis (PCA). In this, new orthogonal (therefore independent and
uncorrelated) variables, the principal components (PCs), are extracted from the matrix of
shape variables previously computed using GPA (see Section 2.0.5.1). These are linear
combinations, rotations, of the original variables, sorted by decreasing variance (Dryden
and Mardia, 1992; Slice et al., 2007, Zelditch et al., 2012) and retain the relationships
(distances) among points. They allow the scatter of points in the high dimensional space

defined by the original correlated variables to be appreciated in fewer dimensions
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defined by the uncorrelated PCs, retaining as much as possible of the variance of the

original dataset (Jolliffe, 1986).

2.5.2 Multivariate regression

Multivariate regression considers shape as dependent on another variable of interest
(such as size, time, diet, etc.), resulting in a vector of regression coefficients that indicates
the change of shape per unit of change in the independent variable (Drake and
Klingenberg, 2008; Klingenberg, 2013). Multivariate regression allows predicting
specimen shape for a given value of the independent variable and allows the computation
of the proportion of total shape variance explained by the independent variable (R?) and
the relative significance (estimated using p-values). By predicting shapes at extremes of
the regression vector and computing transformation grids using warped surfaces or
object volumes as described above, the shape changes along a regression vector can be

visualised.

2.5.3 Partial Least Squares analysis

Partial Least Squares analysis (PLS) allows the covariation between two or more ‘blocks’
of variables to be quantified and visualised. PLS, when performed within a morphometric
context is also called Singular Warp (SW) Analysis (Bookstein et al., 2003). It computes
the linear combination of two sets or “blocks” of shape variables (two landmark sets) that
maximise the explained covariance between blocks. It results in pairs of singular axes (also
known as singular warps, singular vectors or PLS axes) which, when plotted against each
other, display the association between blocks. This can be quantified for each pair of axes
by computing Pearson’s correlation coefficient between the scores of each block

(Hollander et al., 2013). To calculate the significance of this, the estimated value is
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compared to the distribution of values obtained by randomly permuting (1000 times) the
individuals in one block. When the estimated covariation is larger than e.g. 5% of the
permuted ones, the association is significant at the 5% level, p-value < 0.05 (Bookstein et

al., 2003).

In the application of PLS to landmark data for studies of modularity and integration, GPA
is first carried out in each block and then PLS is performed between these blocks of data.
For each species, the two blocks of landmarks are aligned by Procrustes superimposition.
GPA is performed separately for each block, because performing the registration of the
entire dataset before running the PLS analysis leads to overestimation of the percentage
of covariance between blocks (Klingenberg, 2009; 2013). This is because a common
superimposition introduces an element of covariance between all specimens and across
all landmarks, especially the more contiguous ones. PLS analysis results in a series of plots
of pairs of singular axes. The proportion of total covariance explained by each pair of axes
is also calculated. Beyond this, PLS also allows calculating the proportion of total variance
in each block explained by each singular axis for that block (Cardini, 2019). It is important
to consider the strength and significance of correlations, the proportion of the total
covariance explained by pairs of singular axes as well as the proportion of total variance
in each block explained by each singular axis in reporting the results of PLS analyses. This
is because a strong association between blocks does not necessarily indicate that a large
proportion of the variance of each block is explained by the analysis. Thus, blocks can be
strongly associated, but this association may account for a large or a small proportion of
variance in each block. A strong and highly significant association that accounts for a very
small proportion of the total variance in one or other block, while being statistically
significant, might have little real morphological or biological meaning. For the
visualisation of the patterns of association resulting from PLS, the mean of each block is

warped along each singular axis and the two warpings are presented.
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2.6 Path analysis

The statistical method of path analysis is a multiple regression method elaborated by the
statistician Wright (1921), commonly used to investigate the proportion of contribution
of a series of variables to social outcomes (Pajares and Miller, 1994; Rudasill ad Kaufman,
2009). More recently, path analysis has been applied to the assessment of a priori causal
hypotheses relating to developmental and evolutionary hierarchical interactions
(Mooney et al., 1989; Holton and Franciscus, 2008; Caparros et al., 2012). To apply path
analysis, it is necessary to formulate two or more path models (or one path model with
two or more sub-paths, each led by an exogenous independent variable) that reflect the

principal alternative hypotheses (Figure 2.10).

—+

X3

RZ

Figure 2.10. Modified from Williams (2015). A typical example of path analysis applied to a path model: X1
represents the exogenous, independent variable, affecting X4 directly, and indirectly through its influence
on the intermediate variables X2 and X3. The multiple linear regressions (function “Im” in R studio) are
estimated as follows: X1 (independent variable) is hypothesised to affect (arrow a) the variable X2
(dependent variable) so that their relation is Im(X2~ X1) with ~ indicating dependence of X2 on X1; X3 is
affected by X1 (arrow b) and X2 (arrow c) so that their relation is Im(X3 ~ X2 + X1), with X2 and X1 acting

simultaneously on X3; X4 (the endogenous variable) is affected by all the variables: X1 (via the path e), X2
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(arrow d) and X3 (arrow f) so that their relation is Im(X4 ~ X2 + X1 + X3). Each multiple regression is
characterised by a series of beta coefficients, each describing the relationship between the independent
variable(s) and the dependent one. The R? statistic is used to describe the goodness of fit of each regression
model. The overall R? of the entire path model is defined as the variance of the dependent endogenous

variable X4 explained by its relation with all the variables in the model that have arrows pointing at it.

Each path comprises a series of interacting variables, with one or more exogenous
(independent) variables that are not influenced by any of the others, some intermediate,
endogenous variables that affect and are at the same time influenced by other variables,
and one or more endogenous variables that do not influence but are fully dependent on

other intermediate variables.

The patterns of interactions that are to be tested are derived from previous theoretical
and experimental evidence. They are indicated by arrows pointing from the independent
variables toward the ones they are hypothesised to affect. Thus in the hypothetical
example (Figure 2.9, above) the variable X1 is anatomically connected to X2, X3, and X4
and it forms early in development, so it might be hypothesised that it directly influences
the growth and development of each. Additionally, X2 is hypothesised, based on prior
evidence, to impact the growth and development of X3 and X4, while X3 affects only X4.
The hypothesis is that X1 is driving all the major changes in X2, X3 and X4, but the relative
influence of each variable on the others is unknown and needs path analysis to be
explored. In this model, X1 influences X4 through a direct path, and indirectly through its

influence on X2.

This first model can then be compared with an alternative model, in which, for example,
a new variable, X5, also anatomically connected to X2 and X3, replaces X1 and is

hypothesised to influence the ontogeny of these anatomical regions.

Alternatively, two exogenous variables can be introduced in the same path, and their

effect on the intermediate and final variables compared.

After building one or more path diagrams, the impact of the independent variables on
the dependent ones is estimated using a series of multiple regressions, which provide a
series of standardised beta coefficients (B or path coefficients or standardised regression
coefficients or standardised partial regression coefficients if the model has two or more

independent variables) and R? (% of variance of dependent variable explained by the
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regression). The coefficients and R? are analysed within a path (or between different path
diagrams if more than one path are designed), to identify the most likely causal/temporal

sequencing of variables based on the strength of the associations.

If more than one model is compared, the best model (highest R? and beta coefficients) is
considered most complete in terms of explanation of the interactions among parts.
Holton et al., (2008) used such an approach to investigate growth and developmental
interactions in the face of H. sapiens, focussing on how soft and hard tissues interact in
infants from O to 6 years old. In this study, the multiple regressions were performed in R

studio using the function “Im” of the package “stats”.
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3.0 Research and results

3.1 Covariation and correlation in the human cranium: a 3D morphometric study of the

interactions between cranial base, cranial vault and facial complex during ontogeny

3.1.1 The importance of cranial element interactions

The study of the dynamics of cranial ontogeny, i.e. the developmental interactions and
integration of cranial components, the postnatal morphological changes in cranial regions
and the rate and mode of these changes is of interest to workers in several fields
(Ackermann and Krovitz, 2002). Thus, morphologists and clinicians aim to understand
normal and abnormal patterns of growth and development to improve craniofacial
surgical practice (Honn and Goz, 2007; Jiang et al., 2015; Gkantidis and Halazonetis, 2011;
Escaravage and Dutton, 2013; Likus et al., 2014; Evteev et al,, 2018), while physical
anthropologists and archaeologists investigate modern and past anatomical trends
(Vidarsdottir et al., 2002; Rozzi and De Castro, 2004; Bastir et al., 2007; Cobb and
O’Higgins, 2007; Zollikofer and Ponce de Leon, 2010; Lacruz et al., 2015). In this context,
two central questions concerning the growth and development of the cranium are: i) how
do the many components of the head manage to function and accommodate one another
as they change in size and shape during ontogeny? And ii) are the patterns of interaction
among parts of the cranium constant during ontogeny and between closely related

species?

3.1.2 Modules and regions of the cranium

Increasing attention has been directed towards postnatal developmental interactions
among cranial components, assessing the degree of independence and interaction
among them. This is because such interactions are important in guiding development and
allowing evolutionary adaptation of parts as well as of the whole. Differences in patterns
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of interaction and relative autonomy among parts are therefore of interest in
understanding how morphological differences have evolved. In this context, the term
‘module’ is used to indicate a unit that is internally integrated and coherent due to tight
interactions among its elements, but that is relatively autonomous from other units with
which it has weaker or less constrained interactions (Klingenberg, 2009). In development,
hypothesised modules may comprise sets of genes, cells or tissues. In studies of the
postnatal cranium, they are commonly identified based on morphology informed by
knowledge of developmental origins or because they serve a single functional role

(Marquez, 2008; Hallgrimsson et al., 2009).

To test whether hypothesised modules behave as cohesive units that are more or less
independent of each other, a series of statistical tests can be performed, which measure
the covariation among the subsets of landmarks that define hypothesised modules and
contrast these with the covariation among randomised subsets of landmarks (Bastir,
2008; Klingenberg, 2008; 2009; 2013; Mitteroecker and Bookstein, 2008; Campbell and
Willmore, 2009; Martinez-Abadias et al., 2012; Rolian, 2014). This allows the assessment of
the significanceof apparent patterns of developmental integration and modularity within

and among the hypothesised modules.

Independence among modules allows evolution to select for morphological change in a
particular module that might subserve specific and distinct functions, while not affecting
other modules; association among traits allows integrated development and functions of
the cranium as a whole (Cheverud, 1996; Lieberman et al., 2000; Hallgrimsson et al.,

2004; Sardi et al., 2007; Wagner et al., 2007; Hallgrimsson et al., 2007; Porto et al., 2013).

The description of the morphological growth and development of a specific cranial region
in a species and of differences in the same region between closely related species has
been the focus of several studies (Ross and Henneberg, 1995; Lieberman, 1998;
Gonzalez-José et al., 2004; Bulygina et al., 2006; Sardi and Rozzi, 2012). Other studies
have looked at patterns of modularity and integration among adjacent modules within a
species, by studying how specific changes in one cranial unit affect the others (Lieberman
et al., 2000; Gonzalez-José et al., 2004; Hallgrimsson et al., 2007, 2009; Martinez-Abadias
et al., 2009; Klingenberg, 2013; Barbeito-Andrés et al., 2015). Using covariation analyses,
regression analyses and analyses of modularity and integration between anatomical
components (Mitteroecker and Bookstein, 2008; Klingenberg, 2013), it is possible to
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investigate the extent to which cranial elements (hypothesised modules) develop
independently of, or are integrated with other elements (Hallgrimsson et al., 2007;
Cardini and Elton, 2008; Hallgrimsson et al., 2009; Klingenberg 2008, 2009, 2013; Porto
et al,, 2009, 2013). Furthermore, patterns of integration among modules can then be
compared between species, to gain insights into the evolutionary mechanisms acting over
time (Ackermann, 2005; Bastir et al., 2005; Bastir, 2008; Singh et al., 2012; Vilmoare et
al., 2014; Profico et al., 2017).

3.1.3 Hypotheses on craniofacial growth and development

Differences in the tempo and mode of maturation of cranial regions are frequently
addressed in medical, biological and evolutionary studies (Enlow and Hans, 1996, Bastir
et al., 2006; O’Higgins et al., 2006; Porto et al., 2013). While understanding ontogenetic
development can help to establish less invasive and more precise and effective surgical
or medical interventions (Zarrinkelk et al., 1995; Nahhas et al., 2014), the spatio-temporal
ordering of ontogenetic transformations is of interest in biological anthropology to
explain differences in growth, development and adult form among species (Vidarsdottir

et al., 2002).

The cranium is commonly considered to comprise three major modules: cranial vault,
base and the face (Bastir and Rosas, 2004; Richtsmeier and Ponce de Leon, 2009). These
elements have a distinct embryological origin and serve separate functions (Gkantidis and
Halazonetis, 2011). However, the face, vault and base are morphologically articulated,
which means that during growth and development they are to some extent physically
constrained by and interact with the other elements (Profico et al., 2017). Several studies
using linear measurements, angles and cephalometric data (Lieberman et al., 2000;
Bookstein et al., 2003; Bastir and Rosas, 2004; Bastir et al., 2006), and more recently using
3D landmarks (Singh et al., 2012; Bastir and Rosas, 2016; Barbeito-Andrés et al., 2015),
have focussed on the extent to which these regions are independent during their growth
and development, and the extent to which each of these regions is constrained and

limited in its morphology by the others (Zollikofer et al., 2017).
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In modern humans, the face typically grows in an analogous way to the skeleton,
following a similar pattern of temporal variation in the rate of development as found in
the postcranium, with rapid growth through infancy, followed by a slower growth during
childhood, resuming a rapid growth during puberty until the eruption of the third molar
(Hutton et al., 2003), with contrasting results on the age of the actual cessation of bone
growth (Levine et al., 2003). The trajectories of the cranial vault and cranial base are
different and more closely follow a neural pattern of growth, with the most rapid changes
in size occurring in the first postnatal years; neurocranial growth then significantly
decreases, as does brain growth, which is mostly complete in terms of total dimensions
by the time of eruption of the first molar (Lieberman, 2011). When looking at
cephalograms using midline landmarks, Bastir et al., (2006) found that the cranial base is
the first to achieve shape maturation, while the cranial vault region is the first to reach
adult size, followed by the cranial base and last, the midface and lower face. Since
different modules reach maturity at different times, patterns of interaction among them
change. For instance, if the growth and development of a module directly affect that of
another module this can occur only until the first one reaches maturity. After this,
changes in the, as yet immature, second module are no longer directly influenced by

changes in the first module but are, to some degree, constrained by it (Ross et al., 2004).

As discussed above, the growth and development of these three regions and the time at
which each of them reaches maturity in terms of size and shape and their interactions
have been largely investigated using 2D measurements and cephalograms (Lieberman et
al.,, 2000; Bookstein et al., 2003; Bastir and Rosas, 2004; Bastir et al., 2006). Three-
dimensional landmarks have been used to describe the ontogeny in modern humans
mostly by exploring the data using Principal Component Analysis (Gunz et al., 2010;
Freidline, 2012). Nevertheless, only recently attention has been pointed toward the
identification of the exact relations between size and shape (allometry), the rate of shape
and size changes and the degree of covariance during growth and development within
and across human cranial regions using three-dimensional data (Singh et al., 2012; Bastir

and Rosas, 2016; Barbeito-Andrés et al., 2015; Zollikofer et al., 2017).

Because studies of cephalograms show that the basicranium matures in size and shape
before the facial complex, it has been suggested that its growth, development and flexion

might have a significant influence on the way in which the face subsequently develops,

91



especially on its orientation and prognathism (Buschang et al., 1983; Lieberman, 1998;
Bastir et al., 2006; Bruner and Jeffrey, 2007; Bruner and Ripani, 2008; Gkantidis and
Halazonetis, 2011). Indeed, in modern humans, a reduced cranial base angle (when
compared to other hominins) has been linked to the phenomenon of brain
globularisation (spatial packing hypothesis, Ravosa, 1988; Enlow, 1990; Ross et al., 2004).
In addition, changes in locomotion in H. sapiens have also been associated to a reduced
cranial base angle, which, in turn, have been associated to a less prognathic, more

retracted face relative to the anterior cranial fossa (Lieberman et al., 2000).

In addition, brain changes in size and proportions (especially in the upper area of the
brain) also affect the cranial vault morphology. Indeed, if the brain does not develop
during prenatal ontogeny, the skullcap does not form (Evans et al., 2009). Changes in the
cranial vault also appear to be linked to the temporal pattern of morphological
maturation of the cranial base (Lieberman, 1998; Lieberman et al.,, 2002; Bastir and
Rosas, 2006; Gkantidis and Halazonetis, 2011). However, as described by Zollikofer et al.
(2017) in a paper that summarises current hypotheses of craniofacial integration, other
authors postulate that is the facial orientation that impacts cranial base and vault
morphology (Bolk, 1909; Schultz, 1942; Ross and Ravosa, 1993; Bienvenu et al., 2011),
therefore implying that endocranial morphology is not entirely driven by brain evolution
and development. In this scenario, the cranial base could be influenced by the facial

complex and have an impact on brain morphology and development (Bruner, 2015).

The midface (specifically the ethmo-maxillary complex) is in connection with the middle
cranial base fossa (McCarthy, 2001), and the facial orbital roof is linked to the anterior
cranial fossa and the frontal lobes it hosts (Hallgrimsson et al., 2007; Bruner, 2015). As
noted above, previous workers have postulated that the shape, relative position and
orientation of the cranial base change to accommodate the spatial requirements of the
face (Lieberman et al. 2002, 2008; Bastir and Rosas, 2004, 2009; Bastir et al., 2006, 2010;
Hallgrimsson et al., 2007), through mutual interactions with the developing brain.
Furthermore, it has been suggested that the cranial base may be influenced by factors
involved in mastication because of the position of the middle cranial fossa relative to the

mandibular articulation (Bastir and Rosas, 2005).

Studies of modularity and integration also show that the cranial base, vault and face,

while traditionally seen as modules, actually show a high degree of integration (Martinez-
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Abadias et al.,, 2012). These findings support Enlow’s vision of the skull as a highly
integrated unit (Enlow, 1968; 1990; McCarthy, 2004). However, it has been shown that
the face has a certain degree of independence from the neurocranial complex during
growth and development (Bastir et al., 2006; Bastir and Rosas, 2006; Esteve-Altava et al.,
2015; Neaux et al., 2015; Profico et al., 2017). Furthermore, during growth, regions of the
cranium increase in size. The extent to which they do this in a temporally and spatially
coordinated way accounts for many aspects of integration among cranial elements during
ontogeny (Porto et al., 2013). When size is taken into account, non-allometric patterns of
variation suggest some autonomy in the development of the different cranial regions

(Bastir and Rosas, 2004).

The extent to which developmental interactions between the brain, cranial vault, cranial
base, and the face influence the evolution, development and variation of the cranium is
still unclear (Bastir, 2008). While much research has been devoted to identifying
craniofacial modules and understanding how and when they appear, become integrated
and change during ontogeny, the interactions are still uncertain even in humans, which
have been very intensively studied (Sardi and Rozzi, 2005). This is because of uncertainty
in identifying modules (i.e. is the face a module, or does it comprise modules such as the
alveolo-dental complex, nose, zygomatics, etc?) and the lack of 3D ontogenetic data,
which could allow identification of modules and how the pattern and strength of their

interactions change over time.

Further studies are needed to better identify developmental modules and understand
the ways in which postnatal ontogenetic modularity and integration contribute to the
adult morphology. In this section, modularity and integration among the three putative
modules identified in previous work, the face, base and vault, are studied in 3D on a
cross-sectional ontogenetic series of human crania using landmarks and semilandmarks.
The aim is to address some unresolved questions: does the neurocranium act as a
constraint on the growth and development of the facial complex? What are the strength
and mode of intereaction between the cranial base, vault and faceduring ontogeny? How
do the patterns of modularity and integration that we observe change through postnatal

development?
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3.1.4 The hypotheses

This section examines the ontogeny of the cranial base, vault and face in terms of size
and shape changes and the patterns of covariation within and among them. An
ontogenetic sample of 68 specimens of modern humans from newborn to adult stages is

used to test the following null hypotheses:

Hypothesis 1a. The mode of shape and form change is consistent throughout postnatal

ontogeny for the whole cranium and for the cranial base, vault and face.

This hypothesis can be rejected if the vector of ontogenetic shape and form change from
birth to adulthood is not linear. Hypothesis 1a is likely to be falsified, since similar studies
have reached this conclusion. However, the analyses characterise the mode and tempo
of ontogenetic shape and form changes in the sample to guide interpretation of results

from hypothesis 1b.

Hypothesis 1b. The cranium as a whole and the cranial base, vault and face each scale in

a consistent way throughout ontogeny.

This null hypothesis can be rejected if size-related shape changes in the cranium or in any
of the three regions change significantly during ontogeny. While Hypotheses 1a is tested
by comparing shape and form changes in the cranium and cranial regions over time,
Hypothesis 1b is tested by comparing allometric scaling of the shape of the whole

cranium, face, vault and base among age classes.

Hypothesis 1c. The pattern and degree of shape covariation among the cranial base, vault

and face do not change throughout development.

This null hypothesis can be rejected if, when comparing different age classes, significant
changes are observed in the absolute and relative magnitudes of covariation among these
cranial regions. Hypothesis 1c is based on prior work which has shown that patterns of
morphological integration and modularity undergo subtle changes during ontogeny, but

very little is known about the extent of these changes (Martinez-Abadias et al., 2009,

94



2011). In the present study, patterns of covariation are compared among age classes, as
well as among regions at the same ontogenetic stages. Shape variations represented by

PLS axes are visualised using TPS warpings.

3.1.5 Material and methods

3.1.5.1 The sample

An ontogenetic sample of 68 modern human crania was used in the present study. The
specimens consist of 3D meshes representing bone and teeth, segmented from CT-scans.
For those specimens of unknown age, the patterns of dental eruption were used to
estimate age class based on modern human standards (Carr, 1962; AlQahtani et al., 2010;
see Table S1 of Supplementary Material for further information). Age class was based on
dental eruption patterns and defined as follows: younger subadults from O to 5.5 years,
older subadults from 6 to 18 years, adults from 18 years onward.

Sex was unknown for some of the specimens therefore this variable was not considered

in the study.

3.1.5.2 The dataset

A combination of landmarks and sliding semilandmarks was employed to represent
cranial size and shape. The landmarks comprise 89 points recorded on 3D surface
meshes, covering the face, base and cranial vault (see Figure 2.2, Chapter 2). Additionally,
155 surface semilandmarks and 44 curve semilandmarks were acquired on a juvenile
cranium used as the template specimen. Semilandmarks were used to characterise the
form of regions where Type | or Type Il landmarks are not plentiful, such as the

neurocranium (Bookstein, 1991). As it has been shown in previous work (Bookstein, 1991,
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1997; Mitteroecker et al., 2004; Gunz et al., 2005), semilandmarks also provide for more
detailed visualisation of shape variations resulting from geometric morphometric
analyses.

After the first step of sliding of the specimens against the template, the mean
configuration (consensus) was created and sliding was performed again, using the mean
as the new template. The cranial configuration (89 landmarks + 199 surface and curve
semilandmarks) was then divided into 3 anatomical subsets: the cranial vault, cranial base
and face. A third step of sliding against the consensus was then performed separately for

each subset.

3.1.5.3 Statistical analyses

The hypotheses were tested using a set of multivariate statistical analyses.
Hypothesis 1a: consistency in postnatal ontogeny.

This hypothesis was explored using Principal Component Analyses (PCA) in order to
identify any non-linearity in the mode of ontogenetic form and shape changes.
Ontogenetic changes in shape and form of the entire cranium during ontogeny were
explored by submitting landmark coordinates after Generalised Procrustes Analysis (GPA)
to PCA. GPA/PCA was also used to explore ontogenetic changes in shape and form of the
vault, base and face. Because changes in size and shape during ontogeny occur
simultaneously, looking at form offers a more comprehensive approach to investigate
ontogenetic changes (Mitteroecker et al., 2013). When considering form (size and shape)
changes during ontogeny, a separate GPA was performed instead of the usual matrix of
Procrustes shape coordinates being used in subsequent analyses (e.g. PCA). These
coordinates were augmented by an additional column (dimension) of the natural
logarithms (In) of the centroid sizes of each specimen (Mitteroecker et al., 2004), thus
creating a size-shape space in which form changes are visualised. The GPA was performed
using the argument “sizeshape= TRUE” in the “ProcSym” function of the R package
“Morpho” (Schlager, 2017). The logarithmic transformation of the centroid size

guarantees that variance in centroid size does not dominate and for isotropic landmark
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variation, the distribution in size-shape space is isotropic (Mitteroecker et al., 2013). The
resulting distribution is (hyper)spherical and thus this space supports the interpretation
of PCs (Mitteroecker et al., 2004; Klingenberg, 2016) in that, if a dominant vector of
variation is found it is not simply because size variation is much greater than shape
variation. Logarithmic correction is also common as a way to linearize relationships
between traits and to account for different size units (Cardini and Polly, 2013;

Mitteroecker et al., 2013).

To visualise differences between crania representing ontogenetic stages, warpings along
PC axes or due to allometric scaling, a surface mesh of a juvenile specimen was warped
using TPS (Bookstein, 1989). Surface mesh warpings were visualised as registration
independent colour maps showing variations in rates of local expansion or contraction of
the surface mesh. To prepare the mesh, its triangulation was adjusted (Delaunay
triangulation; Joe, 1991) to ensure that as far as possible triangles were close to
equilateral, to facilitate the plotting of a smooth colour map of changes in area over the
surface as described below. The rates of expansion of triangles in the warped surfaces
were colour coded to represent differences in area between the warped reference and
target crania. The warpings were performed using Evan Toolbox 1.72 (O’Higgins et al.,
2012) and the colour maps were calculated using the function “localmeshdiff” of the R

package “Arothron” (Profico et al., 2015).

Hypothesis 1b: allometric variation of the cranium during ontogeny.

To test if ontogenetic allometric trends differ between age classes, multivariate
regression was carried out for different age classes and regions. The multivariate
regression analysis was performed in the Evan Toolbox 1.72. Testing of divergence in
ontogenetic trajectories between younger subadults (younger than 5.5 years old) and
older subadults (between 6 and 18 years old) and between the latter and adults (18+
years old) was performed using the regression vectors resulting from the multivariate
regression for each of the two age classes and the angle between them computed (angle
test). Its significance was assessed using permutation test, in which the age class
membership was randomly permuted and the angle recalculated. One thousand
permutations were carried out and the estimated angle between the species was

compared with the distribution of permuted angles to assess its significance.
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Hypothesis 1c, integration and modularity among the cranial base, vault and face.

To assess the degree of independence of each region from the others (face, cranial base
and vault) or their mutual interactions during ontogeny, pairwise partial least squares
(PLS) analysis was performed, comparing two anatomical regions at a time. The analysis
was first performed on the entire sample, then on the three age categories separately:
younger subadults, older subadults and adults. PLS quantifies the degree of covariance
between two anatomical blocks by finding a new set of variables (known as singular warps
or PLS axes) that account for the highest possible covariation between the two original
anatomical sets (Bastir et al., 2005). Correlation coefficients between the scores on these
singular warps for each of the two blocks give information about the strength of the

association between blocks, while statistical significance is assessed by permutation tests.

In this study, PLS was used to investigate the magnitude and nature of covariance (i.e.
modes of deformation that covary between blocks) among the three main regions of the
cranium at different age classes. A full Procrustes superimposition was performed
separately each time for the two blocks, because a common superimposition (as is
commonly carried out; Bookstein et al.,, 2003; Klinbengerg, 2009; Baab, 2013)
overestimates the degree of covariation between two blocks and might find significant
correlations in random data (Cardini, 2019). To assess how much of the total shape
variance of a single block is “explained” by its association with the other block in the PLS,
the percentage of total shape variance accounted for by specific PLS axes (the ratio
between the variance of PLS scores and the sum of the variances of the shape
coordinates) was calculated for each block. This measure is important because two blocks
may show a very strong association between PLS scores even though the proportion of
variance of each of the blocks explained by the PLS axes is very small (Cardini, 2019). The
PLS was performed using the function “PIs2B” from the R package “Morpho” (Schlager,
2017).

3.1.6 Results
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Hypothesis 1 a. The mode of shape and form change is consistent throughout postnatal

ontogeny for the whole cranium and for the cranial base, vault and face.

The PC plots of Figure 3.1.1 and Figure 3.1.2 show the distribution of the ontogenetic
sample along the first two principal components of cranial shape (full GPA performed)
and form (shape + In centroid size). To visualise the regions of the cranium undergoing
greatest changes in absolute and relative size during postnatal ontogeny, warpings of the
mean along the principal components of the shape and form space (respectively Figure
3.1.1 and 3.1.2) were computed. Subsequently, differences in the areas of surface mesh
triangles between the warped crania were calculated and represented using a colour
map. The colour map indicates the changes in the areas of the mesh triangles from the
reference to the target surface. Variations are plotted on the target mesh and are shown
using a blue to red colour scale, indicating minimum (blue) or maximum (red) changes in
area. While the colour of each triangle represents change in area alone, the resulting
distribution of colours indicates changes in proportion, with red regions becoming
relatively large, blue changing little and green representing intermediate relative size
increases. To make the colour maps comparable among different PCAs, these were
calculated using a common range of values determined by using the overall minimum
and maximum range values obtained when first performing separate colour maps for the
whole cranium, vault, face and base. Two different ranges were estimated when

calculating the colour maps in the shape and form space.
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Figure 3.1.1. PCA of cranial shape for the modern human ontogenetic sample using landmarks and
semilandmarks. The variance accounted for by the first three components is: PC1 35%; PC2 14%; PC3
7%). The grey ellipses encompass each of the 3 age classes: younger subadults, older subadults and
adults. T1 and T2 lines were drawn manually to join younger to older subadults and those to the adult
group, thus facilitating thereading of the plot: T1 spans along the younger subadult ellipse, T2 spans
along the older subadult and adult ellipses and differs in direction from T1. The two lines have no
statistical meaning. Warpings of the younger to older subadult and older subadult to adult trajectories
are visualised using colour maps. Variations are shown using a blue to red colour scale, indicating
minimum (blue) or maximum (red) changes in area. Arrows indicate the reference and target warpings

used to calculate the colour maps.

100



In the shape PCA of Figure 3.1.1, the first principal component accounts for 35% and the
second for 14% of the overall variation. The PCA shows a non-linear ontogenetic trend of

development from newborns to adults as indicated by the lines.

Since PC1 shows the largest and most significant correlation with centroid size in the
sample (PC1 R?=0.84, p-value < 0.001; PC2 R?=0.07, p-value < 0.05, PC3 not significant),
variation described by this PC represents general aspects of allometry during ontogeny
and accounts for about 35% of the total variance. It would be incorrect to conclude
however that a single linear trajectory between birth and adulthood adequately explains
ontogeny. Rather, there appears to be a distinct change between the younger and older
subadult samples. As a result, the inset visualisations of the warped mean in Figure 3.1.1
show the variations in the cranial shape represented by the two ontogenetic trajectories
: from younger subadults to first appearance of older subadults and fromolder subadults
to adults. Along the first trajectory, the cranial vault expands in the frontal region (yellow
area) but relatively less along the parietals (green colour), while the cranial base flexes
and expands relatively (yellow to red areas), resulting in the globularisation of the
neurocranium along this trajectory. Accompanying this, the facial complex undergoes the
greater relative expansion (yellow to red areas), particularly in the region of the midface
(maxilla and nasal regions) as warpings show an increasing relative forward projection of
the nasal bridge and downward development of the maxillary complex. The orbits

decrease in relative size and change in shape toward a more squared morphology.

A change from the first trajectory in the direction of development can be observed in the
trajectory from older subadults to adults, indicating that shape changes differ from the
first trajectory (younger subadults to first appeareance of older subadults). The midfacial
complex undergoes even more relative expansion as the red areas on the colour map
increase on the midfacial surface (on the anterior maxilla but even more on the maxillary
arch and posterior palate) and the warpings show the maxilla continuing to develop
inferiorly, particularly in the posterior region. There is an accompanying increase in the
relative size of the nasal cavity and the alveolar region becomes more elongated and

slightly more pronounced.

Along the second trajectory , changes in the cranial vault appear to be more marked in
the bregmatic region (yellow to red area on the vault warping on the top right of the

graph) and less pronounced on the squamous part of the occipital (blue region) as well
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as in the lateral contact region between the parietal and the temporal bone (pterion-
cyan and blue area). However, this region was prone to error in landmarking as the
sutures were difficult to locate, therefore this result could be influenced by this
observation. The frontal region undergoes relative contraction from the older subadult
to the adult morphology (green area). Patterns of colour in the cranial base remain similar

to what observed for the first trajectory, although less pronounced.

After performing a GPA, a PCA in the size-shape space (or form space) was produced, in

which the natural logarithm of centroid size was included as an additional column to the

shape data matrix.
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Figure 3.1.2. PCA of cranial form (In centroid size + shape) of the modern human ontogenetic sample.
The variance accounted by the first three components is: PC1 91%; PC2 2%; PC3 1%). Warpings
between the extremes of PC1 are visualised using colour maps with a blue to red scale, indicating
minimum (blue) or maximum (red) absolute changes in area. Arrows indicate the reference and

target warpings used to calculate the colour maps.
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The use of form for analysing variation is biologically interesting because, in nature,
changes in size and shape occur concurrently (Mitteroecker et al., 2013) and form
analyses allow assessing size, shape and allometric relative contributions. Figure 3.1.2
shows the first two PCs of the form PCA and a visualisation of changes in the cranial form
along the first principal component (PC1 of total variance). The first PC accounts for a
considerably greater proportion of total variance (91%) than the second (2%). This is
because it is dominated by size variation and accompanying allometric shape variation.
Size is clearly the major way in which crania change during ontogeny. Warpings between
the limits of the distribution on PC1 (PC1=-0.25 and 0.5) were used to create colour maps

asin Figure 3.1.1.

The colour map shows absolute (rather than relative as in Figure 3.1.1) changes in local
area over the cranium. From the younger subadults to the adults there is an increase in
overall size, with the facial region and posterior cranial base undergoing the largest

changes in form (yellow-red areas).

In the cranial vault, the pterionic region, as seen in the PCA of shape variation (Figure
3.1.1), undergoes least form change. The occipital region does not expand significantly
during ontogeny (cyan colour) and the area around the bregma shows a greater absolute
degree of expansion and modification, although less marked (yellow) than in the analysis

of shape alone (Figure 3.1.1).

To more deeply dissect ontogenetic shape and size changes in the cranium, separate

PCAs of the cranial base, vault and face were performed.
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Figure 3.1.3. PCA of cranial vault shape of the modern human ontogenetic sample (11 landmarks and
89 semilandmarks). The variance accounted for by the first three components is: PC1 33%; PC2 14%;
PC3 9%. Warpings along the extreme PC score values of PC1 and PC2 are visualised using colour maps.
Variations are shown using a blue to red colour scale, indicating minimum (blue) or maximum (red)

changes in area. Arrows indicate the reference and target warpings used to calculate the colour maps.
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Figure 3.1.4. PCA of cranial vault form of the modern human ontogenetic sample (11 landmarks and 89
semilandmarks). The variance accounted for by the first three components is: PC1 90%; PC2 2.40%; PC3
1.70%. Warpings between the extreme PC score values of PC1 are visualised using colourmaps. Variations
are shown using a blue to red colour scale, indicating minimum (blue) or maximum (red) changes in area.

Arrows indicate the reference and target warpings used to calculate the colour maps.
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Figure 3.1.5. PCA of cranial base shape in the modern human ontogenetic sample (18 landmarks and 24
semilandmarks). The proportion of total variance accounted for by the first three components is: PC1
37%; PC2 16%; PC3 8%. Warpings between the extreme PC score values of PC1 and PC2 are visualised
using colourmaps. Variations are shown using a blue to red colour scale, indicating minimum (blue) or
maximum (red) changes in area. Arrows indicate the reference and target warpings used to calculate the

colour maps.
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Figure 3.1.6. PCA of cranial base form of the modern human ontogenetic sample (18 landmarks and
24 semilandmarks). The variance accounted for by the first three components is: PC1 86%; PC2 4%;
PC3 2%. Warpings between the extreme PC score values of PC1 are visualised using colourmaps.
Variations are shown using a blue to red colour scale, indicating minimum (blue) or maximum (red)

changes in area. Arrows indicate the reference and target warpings used to calculate the colour maps.
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Figure 3.1.7. PCA of facial shape of the modern human ontogenetic sample (60 landmarks and 85
semilandmarks). The proportion of total variance accounted for by the first three components is:
PC1 43%; PC2 8%; PC3 5%. Warpings between the extreme PC score values of PC1 and PC2 are
visualised using colourmaps. Variations are shown using a blue to red colour scale, indicating
minimum (blue) or maximum (red) changes in area. Arrows indicate the reference and target

warpings used to calculate the colour maps.
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Figure 3.1.8. PCA of facial form of the modern human ontogenetic sample (60 landmarks and 85
semilandmarks). The variance accounted for by the first three components is: PC1 90%; PC2 1.40%;
PC3 0.80%. Warpings between the extreme PC score values of PC1 are visualised using colourmaps.
Variations are shown using a blue to red colour scale, indicating minimum (blue) or maximum (red)

changes in area. Arrows indicate the reference and target warpings used to calculate the colour maps.
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Figures 3.1.3 and 3.1.4 show the first two components of the PCAs of cranial vault shape

and form.

Along PC1 of Figure 3.1.3 (shape), the vast majority of developmental morphological
changes of the cranial vault can be observed as this region changes from a wide cranial
vault in younger subadults (expanded mostly at the level of the posterior parietals) to a
narrow one in adults. Interestingly, as already observed in Figure 3.1.1 and 3.1.2, but
more clearly evident in Figure 3.1.3 and 3.1.4, the bregmatic region undergoes the
greatest changes (red). PC2 represents a mode of variation reminiscent of the classical
descriptions of dolichocephaly and brachycephaly, with the colour map showing the
frontal (yellow) and posterior parietal (red) as the regions undergoing major changes.
There are no differences between age classes on the second or higher PCs. The warping
along PC1 of Figure 3.1.4 confirms the trend observed in the PCA of shape variations
towards expansion around bregma. No warping along PC2 is shown in Figure 3.1.4,

because almost identical to that of Figure 3.1.3.

Figures 3.1.5 and 3.1.6 show the first two components of the PCAs of cranial base shape
and form. In the PCA of Figure 3.1.5 (shape), during ontogeny (mostly represented by
PC1), the region around the foramen magnum undergoes the most marked changes
(yellow-red area), while the squamous region of the occipital bone is the least variable
area (green area). The young subadults possess a more elongated cranial base, while
adults exhibit a wider and more flexed (not shown) basicranium. In both analyses of form
and shape, expansion of the base is locally greatest between the foramen magnum and
the mastoid processes. The mode of cranial base shape change (Figure 3.1.5) seems to
shift after infanthood (younger subadults), with increasing scores on PC2 of older
individuals. This represents the accentuation of antero-posterior elongation, especially
by relative expansion of the non-squamous occipital (red area in warping along PC2,
Figure 3.1.5). PC2 of the form analysis is not shown because similar to that of the shape

analysis.

The PCA in Figure 3.1.7 shows the first and second principal components of face shape.
The visualisations show that, along PC1, the face principally elongates, expanding
vertically, leading to relatively increased midfacial and nasal heights from younger
subadults to adults. The midfacial region shows relative expansion of the posterior region

(posterior palatal-molar area in red) as well as around the zygomatico-maxillary suture
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(orange-red). Since these data are scaled, there is an apparent relative medio-lateral
narrowing of the face, bringing the orbits relatively closer, while their size decreases
relative to the other facial elements (green area around the orbits in the left warping of
Figure 3.1.7). All these changes are confirmed when looking at the expansion of the face

in absolute terms in Figure 3.1.8 (PCA of form).

From negative to positive values along PC2 of Figure 3.1.7, the nasal cavity, the orbits and
the maxillary complex show a relative medio-lateral narrowing and the orbits change
from a rectangular to a more squared morphology with the relative distance between
them reduced. The distribution of the data in the PCA in Figure 3.1.7 shows a clear flexion
in the plot, indicating a shift in the mode of ontogenetic shape change with juveniles
(older subadults) and adults having higher PC2 scores than younger subadults and so

developing relatively longer and narrower faces and more square orbits.

Interestingly, when comparing the magnitude of changes both in the shape and form
space of the whole cranium, base, face and vault using the colour maps, the regions that
undergo the greater absolute and relative changes are the midface, the posterior cranial

base and the bregmatic area, where the frontal and parietals meet.

Hypothesis 1b. The cranium as a whole and the cranial base, vault and face each scale in

a consistent way throughout ontogeny

Allometry was investigated by multivariate regression, assessing the influence of size on
shape and that of age on shape and form of the whole cranium throughout postnatal
ontogeny in the entire sample and in each of the three age classes, thus allowing
comparison of the two developmental trajectories (younger subadults) and (older
subadults to adults) identified in the PCA of the cranium (Figure 3.1.1). Additionally,
identical multivariate regressions were carried out for each of the three cranial regions
in the entire sample and in each of the three age classes. After multivariate regression,
the regression vectors for different age classes were compared, testing for divergence

between them in the cranium and in the three regions (Table 3.1.1).
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a. b.

Skull: multivariate regressions Cr. Base: multivariate regressions

[ shapevssize I shapevssize
_ R? P-value _ R? P-value
EI 30 % 0.001 E s 0.001
(055  [PERZ 0.001 055  [LEA 0.002
CECR 8% 0.02 618 EID n.s
3% n.s 2% n.s
_ Shape vs age I shapevsage
_ R? P-value _ R? P-value
El 30% 0.001 EI T 24% 0.001
(055 [prEA 0.001 055  FEEA 0.002
(618  [EER 0.002 6-18 [} n.s
4% n.s 7% n.s
[ Formuvsage I Formuvsage
R P-value I P-value
EI 62 % 0.001 Bl sa% 0.001
055  NERZ 0.001 055 [ 0.001
6-18  [EIRA 0.001 618 BELA 0.001
3% n.s 5% n.s

c. d.
[ shape vs size [ shape vs size
R P-value R R P-value
El T 19% 0.001 I 3838% 0.001
055  [EEES 0.001 [ 3197 % 0.001
Er ¢ n.s BT 1052 % 0.001
FEER - ELZ 3.30 %
_ Shape vs age [ shapevsage
e P-value R P-value
R 26% 0.001 FI 32.13% 0.001
055  EPEA 0.001 [ 26.19 % 0.001
[FE 10% 0.02 [T 8.93% 0.004
4% n.s 3.19% n.s
[ Formvsage [ Formvs age
R P-value R R P-value
El 0 s8% 0.001 El 7014 % 0.001
(055  WEES 0.001 [ 72.06 % 0.001
EE 24 % 0.003 [EE 35.94 % 0.001
3% n.s 3.78% n.s
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f.
Cr. Base: angle tests
_ Shape vs size vectors P-value

0-5.5V56-18 n.a
6-18 VS 18+ n.a

_ Shape vs age vectors P-value
0-5.5VS 6-18 n.a

Iﬂ

kull: angle tests

Shape vs size vectors P-value

0-5.5V56-18 82° 0.001
6-18 VS 18+ n.a

Shape vs age vectors P-value
0-5.5VS 6-18 88° 0.001

6-18 VS 18+ n.a 6-18 VS 18+ n.a
Form vs age vectors P-value _ Form vs age vectors P-value
0-5.5VS 6-18 27° 0.001 0-5.5VS 6-18 39° 0.001

n.a 6-18 VS 18+ n.a

6-18 VS 18+

h.

Cr. Vault: angle tests Face: angle tests

Shape vs size vectors ~ P-value _ Shape vs size vectors ~ P-value

0-5.5VS 6-18 n.a 79° 0.001
6-18 VS 18+ n.a 6-18 VS 18+ n.a
Shape vs age vectors P-value Shape vs age vectors  P-value

055618 85’ 0001 6 0001
6-18 VS 18+ n.a 6-18 VS 18+ n.a

Form vs age vectors  P-value _ Form vs age vectors  P-value

29° 0.001 0-5.5V5 6-18 21° 0.001
6-18 VS 18+ n.a n.a
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Table 3.1.1. Multivariate regressions of shape on centroid size and shape/form on age of the whole
ontogenetic sample (all) and of the three age classes, from 0 to 5.5 years old (younger subadults), from
6 to 18 years old (older subadults) and from 18 onward (adults) for the whole cranium (a), cranial base
(b), cranial vault (c) and facial (d) regions. After multivariate regression, the regression vectors for each
region were compared among different age classes, testing for significance of the angle of divergence
using permutation test: e: comparison of regression vectors of different age classes for the cranium, e;
for the cranial base, f; for the cranial vault, g; for the face, h. In the tables, the R? values (coefficient of
determination) represent the percentage of total variance explained by the regression. N.a (not

applicable) was used when no comparison was possible, n.s= non-significant regressions.

The results of the multivariate regressions in Table 3.1.1 (a) show that 30% of cranial
variance is explained by the influence of size on shape, and the same is the case for
regression of age on shape. In younger subadults, the influence of size and age on shape
is most marked and significant, with 25% of shape variance explained by the regression

with centroid size, and 22% explained by that with age. These percentages drop
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respectively to 8% and 11% in older subadults, while adults show no significant
relationships. The highest R? coefficients are found in the regressions of form on age, with
75% of total variance explained in younger subadults (0-5.5) and 34% in 6-18 year olds.
This relationship is not significant in adults. The permutation test on the angle between
the vectors from the regressions of shape on size in younger and older subadults (Table
3.1.1: e) indicates that they diverge significantly, with an angle of 82°. Similarly, the
regression vectors of shape on age diverge significantly between these age groups, with
an angle of 88°, and those of form on age diverge significantly, at 27° (Table 3.1.1, e). No
regressions diverge significantly between older subadults and adults, consistent with

their distributions in the PC plot of Figure 3.1.1.

For the cranial base (Table 3.1.1, b) and cranial vault (Table 3.1.1, c) the regressions of
shape on centroid size are only significant in the 0-5.5 group. The shape shows a
significant regression on age in the younger subadult group in both these regions and in
older subadults the regression of vault shape on age is weak (variance explained is 10%)
but significant and diverges (85°, Table 3.1.1, g) significantly from the regression of vault
shape on age in younger subadults. The regressions of form on age for both the cranial
base and vault are significant in the younger and older subadult groups. These diverge

significantly between these age groups in both regions (Table 3.1.1, f and g).

Unlike the cranial vault and cranial base, in the face the regressions of shape on centroid
size, shape on age and of form on age are all significant in younger and older subadult
groups, but not in adults. In the younger subadults (0-5.5), 38% of facial shape variance
is explained by the regression on centroid size. In the older subadult group (6-18) the
influence of centroid size on facial shape decreases but is still significant, with 11% of the

facial shape variance being related to size.

Consistent with the trajectories observed in the PC plot of Figure 3.1.7, vector
comparison of facial allometric trajectories between younger and older subadults shows
that these diverge significantly, with an angle of 79° (Table 3.1.1, h). Younger and older
subadult face shape vs age (developmental) trajectories also diverge significantly with an
angle of 69° as do the vectors of the regression of face form on age, with an angle of

divergence of 21°.
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Hypothesis 1c. The pattern and degree of covariation among the cranial base, vault and

face do not change throughout development.

To test how patterns of covariation among cranial components change during growth and
development in each cranial region, two-block PLS analyses were performed between the
cranial base, vault and face shape variables by dividing the sample into age classes. PLS
analysis of form was not performed because the size component dominates the analyses,
growth (size increase over time) being a common factor affecting all regions
simultaneously. The focus is instead on how shape variations in one region relate to those
in others. Table 3.1.2 presents the results of 2-block-PLS analyses between the cranial
base, vault and face in younger subadults, older subadults and adults. PLS1 from these

analyses was the only significant axis as assessed by permutation test. The correlation

PLS shape analyses between cranial modules in age classes

Younger subadults

Block 1 vs Block 2 TOT.COVAR CORR.COEFF P-VALUE EXPLAINED EXPLAINED
VARIANCEBLOCK1  VARIANCEBLOCK2

Cr.vault- Face 59.45 % 0.95 0.001 15.08 % 38.08 %

Cr.vault- Cr.base 50.71 % 0.92 0.01 12.96 % 37.24%

Face- Cr.base 74.50 % 0.78 0.001 34.92 % 34.91%

Older subadults

Block 1 vs Block 2 TOT.COVAR CORR.COEFF P-VALUE EXPLAINED EXPLAINED
VARIANCEBLOCK1  VARIANCEBLOCK2

Cr.vault- Face 35.87 % 0.90 0.05 21.08 % 12.93%

Cr.vault- Cr.base 56.06 % 0.72 0.03 24.35% 36.28%

Face- Cr.base 42.42% 0.87 ns n.a n.a

Adults

Block 1 vs Block 2 TOT.COVAR CORR.COEFF P-VALUE VARIANCE BLOCK 1 VARIANCE BLOCK 2

Crvault- Face 62.63 % 0.85 0.001 33.52 % 17.14 %

Crvault- Cr.base 69.33% 0.86 0.001 30.82 % 23.26%

Face- Cr.base 55.33% 0.82 0.001 17.61% 22.53%

Table 3.1.2. PLS results of covariation among the three cranial regions of the cranial vault, base, and face:

TOT.COVAR= percentage of total covariance explained by the first pair of singular warps, CORR.COEFF=

correlation coefficients between blocks for PLS1 scores with p-value assessed by permutation test

between pairs of blocks. For each block, the proportion of its variance explained by its covariance with

the other block was estimated (n.s= not significant, n.a= not applicable).
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coefficients among PLS1 scores are large and all but one are significant, indicating that

the cranium is an integrated structure.

However, in younger subadults, only a small amount of variance of the cranial vault is
explained by its covariance with the other two blocks (15% of the total variance of the
cranial vault is explained by its covariation with the face, and 13% by its covariation with
the cranial base). The proportion of total cranial vault variance explained by its
covariation with the other regions becomes greater in older subadults and adults. In
younger subadults, total facial variation is, in good part, explained by its covariation with
the cranial base (35%) and vault (38%). However, it seems that the facial complex
becomes progressively more independent during development, because a smaller
percentage of its total variance is explained by its covariation with the other two regions

in older subadults and adults.

About 37% of the total variance of the cranial base is explained by covariance with the
vault in younger and older subadults and this falls to 23% in adults. In contrast, 35% of
the total variance of the cranial base is explained by its covariation with the face in
younger subadults, and 23% in adults, while in older subadults the cranial base and face

appear to develop relatively independently (non-significant association).
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Figure 3.1.9. PLS1 shape covariation graphs and warpings of the cranial vault, base and face when analysed

in pairs.
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Figure 3.1.9 shows the PLS1 graphs and warpings for all combinations of blocks analysed
in Table 3.1.1. In the top row, the covariation among the face and base, face and vault
and base and vault is analysed in younger subadults. In this group, warpings show that
the face covaries with the cranial base such that a wider, shorter and flatter face is
associated with a narrow and elongated base and vice versa. The face and cranial vault
covary such that a wider, shorter and flatter face is associated with a less rounded vault
and a more prominent temporal region. Cranial base and vault covary such that an
antero-posteriorly elongated vault is associated with a similarly elongated base and vice
versa. In younger subadults (middle row), the covariation between the cranial base and
face is not significant, therefore shape variations are not shown. The face covaries with
the cranial vault such that taller and narrower faces, suggesting a more mature and adult
morphology, are associated with a more elongated vault and vice versa while a narrow
and long cranial base is associated with an elongated and low cranial vault and vice versa.
In the adults (bottom row) a wider, shorter and flatter face is associated with a narrow
and elongated base and a less rounded vault while an antero-posteriorly elongated vault

is associated with an elongated base.

3.1.7 Discussion

3.1.7.1 Summary of the key findings

Prior work has shown that several mechanical factors can affect the growth and
development of the bones of the cranium: e.g. the timing of the closure of sutures
(Herring, 2008; Heuzé et al., 2012), the loading of the masticatory apparatus (Kiliaridis et
al., 1993), the differential expansion of organs and the constraints imposed by connective
tissues (e.g. the falx; Bruner, 2007). Because of these and other factors, patterns of
morphological integration and modularity undergo subtle changes during ontogeny, but
very little is known about the extent of these changes (Martinez-Abadias et al., 2009,
2011). Frequently, angles, linear measurements and 2D geometric morphometrics have
been applied to compare general ontogenetic trends in the cranial base and face or in

the cranial base and neurocranium in modern humans (Buschang et al., 1983; Ross and
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Henneberg, 1995; Lieberman, 2000; Bastir et al., 2006). While previous studies have laid
the ground by exploring the ontogenetic shape variations of these cranial regions in
Hominoidea (Gunz et al., 2010, Singh et al., 2012, Profico et al., 2017; Zollikofer et al.,,
2018), in the present study, patterns of growth and development of each of these regions
are described and compared in modern humans as are patterns of integration and
modularity among them at different ontogenetic stages. The analyses of this section
tested three hypotheses concerning the growth and development of the cranium and the
ontogenetic interactions between the cranial base, cranial vault and face of modern

humans.

Hypothesis 1a stated that the mode of shape change is consistent throughout postnatal
ontogeny for the whole cranium and for the cranial base, vault and face.

This hypothesis can be rejected if the vector of ontogenetic shape change from birth to
adulthood is not linear. Hypothesis 1a was tested through PCA of the shape of the whole
cranium and of each cranial region, examining the scatters of individuals in the resulting
PC plots for deviations from linearity. Hypothesis 1a was falsified since the ontogenetic
shape vectors of the whole cranium, face and base showed non-linear trends (alterations

in mode of shape change).

Hypothesis 1b stated that the cranium as a whole and the cranial base, vault and face
each scale in a consistent way throughout ontogeny. This null hypothesis can be rejected

if allometric scaling of any of the three regions changes during ontogeny.

This hypothesis was tested by applying a series of linear regressions of shape on centroid
size, shape on age and form on age in younger subadults, older subadults and adults for
the whole cranium and each of the three cranial regions of vault, base and face. After
performing the regressions, the results for each age class were compared for the cranium
as a whole and across the three morphological regions. Hypothesis 1b was falsified,
showing that while allometry is evident in each of the three regions in younger subadults,
its influence drops significantly in older subadults and is absent in adults, except for the
facial complex, which experiences significant allometric development also in adolescents
(older subadults). Interestingly, the facial allometric growth vectors are significantly
different between younger and older subadults. Therefore, Hypothesis 1b can be rejected
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because the allometric patterns differ significantly between age classes among the three

cranial regions.

Hypothesis 1c stated that the pattern and degree of integration among the cranial base,
vault and face do not change throughout development. This null hypothesis can be
rejected if, when comparing different age classes, significant changes are observed in the
absolute and relative magnitudes of covariation among these cranial regions. Hypothesis
1c was tested applying 2-block partial least squares analyses to assess covariation
between the morphology of the cranial base, vault and face in the three age classes:
younger subadults, older subadults and adults. Hypothesis 1c was falsified since
associations among regions change significantly from infancy, through adolescence and

adulthood in terms of covariation.

3.1.7.2 The cranium and its regions: the cranial vault, base and face

3.1.7.2.1 Cranial ontogeny and allometric trends

The results of this section build upon an extensive literature on human craniofacial
growth, development and integration (Ponce de Leon and Zollikofer, 2001; Vidarsdottir
et al., 2002; Zollikofer and Ponce de Leon, 2002; Bastir and Rosas, 2004; Cobb and
O’Higgins, 2004; Gunz et al., 2010; Zollikofer and Ponce de Leon, 2010). Previous studies
have noted that modes of development and rates of growth of crania and their elements
follow non-linear trajectories (Vidarsdottir et al., 2002; Bastir et al., 2007; Gunz et al.,,
2010). Likewise, the analyses presented here (Figure 3.1.1) show that ontogenetic shape
changes are not linear. Indeed, there appear to be two phases: younger to older
subadults and older subadults to adults. This indicates that the cranium changes in
different ways at different times. The analyses of cranial regions indicate that this non-
linearity reflects changes in the ontogeny of the facial complex as well as the cranial base.

The findings in the face reflect Lieberman’s, (2011) description of the face as growing
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along a “skeletal growth trajectory”, showing rapid neonatal growth, followed by a
deceleration during late childhood, ending with rapid growth during adolescence until
adulthood (eruption of third molar). The same author identifies a “neural growth
trajectory” for both the cranial vault and cranial base indicating the most rapid growth in
the first 5 years, while the current study highlights the presence of a flexion in the

trajectory of the latter.

Globularisation of the cranial vault is described by the younger to older subadult
trajectory in Figure 3.1.1, as well as the flexion of the cranial base, with the facial complex
undergoing vertical lengthening and medio-lateral compression. The orbits decrease
relatively in size while the nasal cavity and its apertures (nasal rim and choanae) show
relative increase. The colour map indicates that the facial complex, specifically the
midfacial region, undergoes the most marked changes during this first ontogenetic phase,
together with the basi-occiput, while the squamous and sphenoid regions of the cranial
base show smaller relative expansion (yellow) or, in some areas, relative contraction
(green). In addition, the lateral side of the frontal and parietal bones undergo less marked
expansion while the rest of the neurocranium shows change. The observed expansion of
the frontal lobe during early years reflects previous findings (Bruner, 2007; 2010) that
enlargement of the brain is associated with a relative widening of the frontal lobes,
(Bruner, 2010, states that this allows the development of Broca’s area), and a relative
reduction in parietal areas. In addition, isometric enlargement of the whole parietal
surface has been described as characteristic of Homo sapiens. This parietal expansion is
associated with the early postnatal period (Neubauer et al., 2009) and is absent in chimps
and in Neanderthals (Neubauer et al. 2009; Gunz et al.,, 2010). Furthermore, the
dissociation observed in the colour map in terms of growth and development for different
areas of the cranial base supports previous studies which show different patterns of
integration among midsagittal and lateral components of the cranial base (Bastir et al.,

2006) and among the three cranial fossae (Bastir and Rosas, 2005).

The second trajectory (Figure 3.1.1, older subadults to adults ), continues the relative
vertical development of the anterior and posterior facial complex, including the
zygomatic and orbital regions (red), while modifications of the braincase are relatively

less marked. Different from the first trajectory, along this second trajectory, the
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bregmatic region is the part of the cranial vault that undergoes the most marked

expansion.

These results are confirmed and extended by the PCA of form (Figure 3.1.2). From this, it
is evident that changes in size and the consequent allometric changes in shape dominate
variations. Warping along PC1, the colour map visualisations show variations in the
degree to which surface regions expand. The posterior face and the maxilla and alveolar
regions undergo the greatest expansion (yellow to red), with the cranial vault
experiencing relatively less (green to blue). These variations confirm previous
observations that used 2D morphological data to describe the main developmental
changes occurring during ontogeny in skull regions (Bastir et al., 2006; Evteev et al.,
2018). In addition, the significant growth and development of the facial region indicated
by the colour map is in accordance with studies showing that the facial complex is the
last region of the cranium to end growth and development (Bastir et al., 2006), with a

significant proportion occurring during adolescence (Evteev et al., 2018).

The comparison of cranial ontogenetic vectors of younger and older subadults in Table
3.1.1 (e) confirms that their trajectories significantly diverge. This is in contrast with the
findings from Zollikofer and Ponce de Leon (2002), who found that cranio-mandibular
ontogeny in modern humans follows a fairly linear shape trajectory (along PC1), implying
that the spatial patterns of shape change remain constant between the age of 3 years
and adulthood. However, their study does not take into consideration the entire shape

space and does not test the observed linearity in a multivariate fashion.

3.1.7.2.2. Cranial vault, base and face ontogeny and allometric trends

The PCAs of the face, base and vault show that while the vault shows a linear scatter on
PC1 and PC2, the facial complex and cranial base show a flexion in their ontogenetic
trajectories, with the younger subadults following a different mode of shape change to
that of juveniles and adults. These differences in the trajectories are well known (e.g.
Lieberman, 2011), and the face is said to follow a “skeletal” growth pattern as opposed
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to the “neural” growth pattern of the base and vault. However, the current study
highlights the presence of a flexion in the trajectory of the cranial base, considered
further below. Overall, the three regions undergo different postnatal changes from

younger subadults to adults, and these are considered below.

Cranial vault PC1 (Figure 3.1.3) describes allometric changes, with the vault expanded at
the level of the posterior parietals in infants and becoming more globular in adults. The
colour map illustrating shape changes represented by the first PC (Figure 3.1.3) shows
that during ontogeny, the region of the fronto-parietal suture (bregmatic region)
undergoes the greatest change, as observed in the PCA of the entire cranium (Figure
3.1.1). This may well reflect growth at the suture. Interestingly, the underlying brain
region is proposed by Bruner (2015) to be particularly relevant in relation to the evolution
of specific visual-spatial skills in Homo sapiens, as well as being prone to evolutionary
modification (Jung and Haier, 2007). The regressions in Table 3.1.1 (c) show that while
cranial vault shape scales in younger subadults, this relationship is not significant in the
other two age classes, reflecting the fact that the brain reaches 95% of its final mass and
volume by the time of M1 eruption (Lieberman, 2011). Interestingly, age affects shape in
both older subadults and adults, showing that while size changes in the cranial vault are
mostly greater in younger subadults from 0 to 6 years old, shape changes continue during
later stages, so that younger and older subadults possess different cranial vault
morphologies, with trajectories that significantly diverge (Table 3.1.1, g). This result
reflects the dissociation between size and shape of the cranial vault found in modern

humans during ontogeny (Bastir et al., 2006).

In the PCA of shape of the cranial base (Figure 3.1.5) there appear to be differences in
modes of development between age classes. In the younger subadults, changes are most
marked along PC2, which reflects variations (relative expansion) of the occipital region,
and in the older subadults along PC1, which displays relative lengthening and narrowing
of the whole cranial base. Cranial base regressions indicate that the regression of shape
on size and that of shape on age is significant only in the younger subadult group, in
agreement with Bastir et al. (2006). In their study, this region was the first to reach

maturity.
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The PC plot in Figure 3.1.7 shows a similar distribution of age classes for the face as was
observed for the base (Figure 3.1.5). Unlike the neurocranium, in the face, the regressions
of shape on size, shape on age and of form on age are significant in both younger and
older subadults (Table 2, d). This is in line with other findings which suggest that facial
growth and development continues long after the cranial base and vault are
ontogenetically mature (Lieberman, 2011; Bastir et al., 2006). The tests of regression
trajectory divergence between the two subadult groups (Table 3.1.2, h) indicate that they
significantly differ in terms of allometry (shape on size) and development (shape on age)
and in the regression of form on age. The warping and colour map displaying the shape
variations of the first PC of face shape (Figure 3.1.7) show that during ontogeny the
reduction of the relative size of the orbits and the relative medio-lateral narrowing of the
face occurs, together with great expansion of the midfacial complex and the posterior
facial region, which elongates both anteriorly and vertically. The region of the
zygomatico-maxillary suture shows great expansion in Figure 3.1.1, and so it accounts for
a significant portion of increase in facial height. This may well reflect rapid growth of the

nasal septum (Al Dayeh et al., 2013).

It is evident from the foregoing analyses that facial growth and development proceeds in
a complex manner. Allometry differs in importance between cranial regions. Further,
divergence of trajectories between younger and older subadults indicate changes with
time. These findings are in line with other studies that have reported intraspecific
postnatal divergence in different human populations (Vidarsdottir et al.,, 2002) and

underline that these differences arise very early during ontogeny.

3.1.7.2.3 Partial least squares analysis: the cranial vault, base and facial blocks

Partial least squares analyses were performed to assess the patterns of interaction among
cranial regions at different stages of ontogeny. The results indicate that the strength of
interaction (covariance between blocks) and the variance accounted for by the

covariation varies by region and age class. More specifically, the cranial base, which
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shows very early infant maturation (Bastir and Rosas, 2016) shows significant covariance
with both the face and the cranial vault in all age classes, with the exception of the

relationship between face and base in older subadults, which is not significant.

The cranial vault in younger subadults seems to undergo a first phase in which most of
its morphological variance is not explained by covariation with any of the other regions.
This could be due to rapid growth of the neurocranium during infancy (Anzelmo et al,,
2015), mostly determined by brain growth. In older subadults and adults, the proportion
of cranial vault variance explained by its covariation with the face and base increases,
indicating that after the initial period of rapid development and modular behaviour, this

region becomes more integrated.

The findings of the PLS analyses suggest that the early developed cranial base
subsequently becomes integrated with both the cranial vault and the face which continue
to develop. Further, in younger subadults, the face is highly associated with the cranial
base and vault, but becomes more independent in older subadults, and more integrated

again in adults.

These results indicate that the cranium shows varying levels of integration throughout
ontogeny. These findings accord with previous studies that have investigated the timing
of development of the regions of the skull (Bastir et al., 2006), in that regions undergoing
rapid periods of development show low levels of covariation with other elements of the
skull. This suggests that during phases of rapid development, local influences render a
region more modular and as local development slows, the underlying large scale
influences that affect several regions together, such as allometry and masticatory loads,
become more significant, and act as integrators, so that functions are preserved (Porto

et al.,, 2013).
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3.1.8 Conclusions

This section focussed on the development of the cranium, providing detailed insights into
the growth of cranial regions and the spatio-temporal interactions among them. This
study explored trends of growth and development in the cranium and the three cranial
regions, identifying and visualising significantly divergent trajectories among younger and
older subadults for most cranial regions. In addition, this study built on prior work on
covariation among cranial base, face, and vault (Cheverud et al., 1992; Lieberman et al.,
2000; Bookstein et al.,, 2003; Gkantidis and Halazonetis, 2011), by focusing on the
description and comparison of covariation at different age stages. The results show
significant ontogenetic variation in degrees of interaction among cranial regions and that
phases of developmental flexibility coincide with more modular behaviour. Ideally, a
larger sample size, longitudinal 3D data and information about the sex of the individuals
could give even more comprehensive insights into the patterns of growth and

development of the cranium and its regions.
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3.2 Growth, development and covariation of the facial elements in modern humans

3.2.1 Ontogenetic interactions between facial elements

In Section 3.1 the growth and development of the cranium were explored and described.
Growth (centroid size vs age), allometry (shape vs centroid size) and development (shape
vs age) were described for the cranium and the ontogenetic interactions among face,

cranial base and vault were quantified at different postnatal stages.

In the present section, a detailed study of growth, allometry and development is
performed on individual facial regions to characterise their postnatal ontogenies, and to
better understand the pace and timing of their development. This is followed by a
detailed analysis of ontogenetic interactions among the facial regions. These are
performed in a pairwise fashion comparing facial regions (blocks) through two block
Partial Least Squares analyses (PLS), which allows the magnitude and nature of the
interactions between regions to be quantified and compared among developmental

stages.

The findings of these studies are relevant to subsequent analyses presented in this thesis
in that interactions between regions are later extended to path models that test
hypotheses related to cascades of interaction and hierarchies among several facial
regions (Section 3.3). Furthermore, the results of all of these studies of human cranial
ontogeny provide the baseline against which to compare the facial development and

developmental dynamics of Neanderthals with modern humans (Section 3.4).

This section begins with a brief review of the relevant background (also see Chapter 1) to

these studies before presenting the analyses described above.

3.2.2 The hypotheses
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There is a long history of comparative studies of changes in facial morphology and
covariation during ontogeny in modern humans (Cheverud et al., 1992; McCollum, 1999;
Rosas and Bastir, 2002; Bastir and Rosas, 2004; Gonzalez-Jose et al., 2004; Ackermann,
2005; Bastir et al., 2005). However, facial growth and development in modern humans is
still poorly understood. The technologies available for imaging and the statistical basis for
the analysis of these images have been limited until relatively recently. Thus, while
underpinning many clinical studies, cephalometric analyses offer limited data on 3D
anatomy (Brodie, 1941; Riolo, 1974; Broadbent et al., 1975; Buschang et al., 1983; Hunter
et al., 1993; Cross and McDonald, 2000) and may distort midfacial structures (Evteev et
al., 2018). Advances in 3D CT imaging and landmark-based analysis of 3D meshes allow
for a more complete understanding of the dynamics of growth and developmental

interactions within the cranium.

The first step when analysing patterns of covariation within the face is to delineate
putative modules (parts that are hypothesised to behave autonomously during
development). These potential modules are often recognised based on differences in
prenatal formation and postnatal growth and development (Bastir, 2008; Klingenberg,
2013). This chapter considers the relationships among the orbits, zygomatic and maxilla
(zyogomatico-maxillary module), maxillary sinuses, palate and nasal cavity. Many
previous studies have explored facial modularity, integration and covariation, seeking to
identify likely modules. Evteev et al. (2018) provides a quantitative description of human
midfacial ontogeny by dividing the cranium into putative developmental modules: the
nose, the zygomatico-maxillary complex and the orbits. These were chosen based on
prior literature about functional and developmental modularity of the cranium
(Cheverud, 1982; Gonzalez-Jose et al.,, 2004). Their work shows that these regions
manifest diversity in timings of growth and developmental events. Another study (Ryan
et al., 2019) investigating modularity and integration in the human cranium found that
the orbit and the palate covary, both lengthening as the face lengthens along the
anteroposterior axis. A further study (Villmoare et al., 2014) tested the independence of
the palate from the rest of the cranium with the conclusion that it shows a significant
degree of autonomy, potentially due to “its clear morphological and functional

distinctiveness”. However, the palate forms the floor of the nasal cavity and is known to
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interact with the maxillary sinuses, which can invade the space previously occupied by

erupting teeth (Baykul et al., 2006; Erdur et al., 2015).

Previous studies have investigated maxillary sinus variations in different populations in
relation to changes in latitude (Marquez et al., 2014; Butaric and Maddux, 2016; Maddux
and Butaric, 2017) while ontogenetic studies have focussed on size and volume changes
during growth (Holton et al., 2013; Butaric, 2015; Lorkiewicz-Muszyniska et al., 2015).
However, there are few studies on maxillary sinus form during ontogeny. One attempted
to classify its highly variable morphology into shape categories based on the location of
their inferior wall (Kim et al., 2002), while others focused on shape covariation between
the maxillary sinuses and the surrounding facial skeleton in adults, using 3D landmarks
but more often linear measurements (Marquez, 2008; Lorkiewicz-Muszynska et al., 2015;
Butaric and Maddux, 2016; Maddux and Butaric, 2017; Evteev and Grosheva, 2019). The
findings of these studies suggest that among different modern human populations, sinus
size has an inverse relation with nasal cavity breadth, so that narrow nasal cavities host
wide sinuses because these are able to expand laterally in the zygomatico-maxillary
complex. Therefore, the sinuses have different degrees of covariation with different
structures. Indeed, the fact that these structures have a low but significant covariation
with many different elements in the face has led authors to propose that sinuses grow
passively, acting as a zone of accommodation between facial elements (Butaric and

Maddux, 2016).

Regarding the orbits, during prenatal development, the bones that make up the orbit
grow and develop in coordination with the globe of the eye, which manifests its own
independent developmental trajectory and shifts in position relative to the other soft
tissues during prenatal development (Sperber et al.,, 2010). During postnatal
development, the orbits show the most rapid growth among facial skeletal elements,
contributing greatly to overall facial proportions (Krimmel et al., 2015; Evteev et al.,
2018), as is also observed in Section 3.3 of this thesis. Because the orbits undergo the
most rapid growth among facial components in early infancy (Barbeito-Andrés et al.,
2016), they potentially set spatial constraints upon, and so interact with, the growing

sinuses, whose roof is in contact with their floor.

Prenatally, expansile growth of the septal cartilage within the nasal cavity has been shown

to cause vertical expansion of the midface between the 10th and 40th weeks post-
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conception. The growth of the nasal cavity then continues (but at a slower rate)
throughout childhood, contributing to further increase in facial height via downward
displacement of the nasal floor relative to the orbits (Sperber et al., 2010). Several
competing hypotheses attempt to explain the growth and development of the nasal
cavity. Some authors claim that septal growth and development is a phenomenon
confined to childhood and early adolescence and that it is constrained and influenced by
the surrounding structures (Goergen et al., 2017). Other authors claim that this region
has a major role in shaping the surrounding facial elements and that this role continues
throughout adulthood (Holton et al., 2011; Al Dayeh et al, 2013; Hall et al., 2013). Some
experiments have tested the main growth theories (Cupero et al., 2001; Hartman et al.,

2016).

Studies supporting a passive role for the nasal septum noticed that animals with naso-
palatal anomalies or in which the septum was removed or dislocated showed no sign of
growth anomalies in the face (Wexler and Sarnat, 1965; Babula et al., 1970). In addition,
analysis of twins with normal and abnormal septal growth shows no increased asymmetry
or anomaly in maxillary growth in the affected individual, according to Moss et al. (1968).
In addition, after examining a case of congenital absence of olfactory organs, Latham and
Burston (1964) concluded that the nasal septum has a role in determining the
anteroposterior growth of the upper face but that it does not account for vertical facial
height. The same authors (1966) when analysing a case of deviated nasal septum in a
child report no anomalies in overall facial growth but notice an increase in bony
deposition on the side toward which the septum was deviated. A more recent study has
demonstrated that nasal septal deviation is associated with a reduced height of the upper
facial skeleton (Mays, 2012). This suggests that, in short faces, the nasal septum keeps
growing, resulting in its deviation because of the limited height available. If this
interpretation is correct, then nasal septum growth would be independent of, and

dissociated from, facial growth.

Other authors believe that the growth of the nasal septal cartilage influences
displacement and growth at facial suture sites (Scott, 1954; 1956; 1962). Holton et al.,
(2011, 2012) found that artificially induced restriction of facial growth in Sus scrofa
produced changes in premaxillary displacement, caused by nasal septum growth. The

influence of nasal septum growth and deviation on facial anatomy has been examined
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using longitudinal cephalometric measurements of twins, with the finding (contra Moss
et al, 1968) that the nasal cartilage has an impact on the normal growth and
development of the nose and maxilla, especially in the first decade of life (Grymer et al.,
1991; Grymer and Bosch, 1997). Indeed, the twins with deviated nasal septum showed a
retrusive maxilla (vertically and horizontally shorter and anteriorly rotated) and nose with
columellar retraction. However, interestingly, total facial height did not differ among
twins. The principal role of the nasal septum as pacemaker has also been supported by
physiological evidence. Studies showed that increased activity of growth hormone during
postnatal development leads to greater human facial dimensions, attributed in part to
the stimulation of septal growth (Pirinen et al.,, 1994). Anomalies in midfacial
development have also been observed in humans when the nasal septum is deviated or
develops abnormally during childhood (Grymer et al., 1989). Clinical conditions such as
cleft palate, in which the nasal septum grows deviated and bent, cause the face to grow
asymmetrically (Hall and Precious, 2013). However, as already discussed, this could
suggest that, in situations in which the face is somehow constricted or altered during
growth and development, the nasal septum would grow in a deviated way because of the
limited space available. As evident, due to differences in the selection of the species and

methods adopted, results are still inconclusive.

This chapter explores the issues raised above. It begins by characterising the growth,
development and allometry of individual facial components and then compares them. To

do this, the following hypothesis is tested:

Hypothesis 1. The skeletal components of the modern human face do not differ in their

growth, development or allometry among different age classes.

To test the interactions among pairs of facial components a second hypothesis was
formulated and tested, to characterise the degree of independence or integration of

these components, how changes in one are associated with changes in the other.

Hypothesis 2. The nature (modes of) and magnitude of covariation among facial

components is constant throughout ontogeny.

All the skeletal components of the human face: the sinuses, palate, orbits, nose and the
zygomatico-maxillary complex, have been analysed as separate modules in previous
studies, not only because they have different embryological origins and serve different
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functions but also because studies of the skeletal and soft tissues show that these regions
possess different rates of growth and development (Kimmel et al., 2015; Evteev, 2018).
However, their differential growth, development and allometry as well as the magnitudes

and modes of covariation among them during postnatal ontogeny are not known in detail.

The two hypotheses here formulated helps clarify the details of the mechanisms of

growth, development and integration among facial structures during ontogeny.

3.2.3 Materials and methods

3.2.3.1 The sample

An ontogenetic sample of 68 modern human crania was used in the present study. The
specimens consist of 3D meshes segmented from CT-scans. For those specimens of
unknown age, the patterns of dental eruption were used to estimate age class based on
modern human standards (Carr, 1962; AlQahtani et al., 2010; see Table S1 of
Supplementary Material for further information). Age class was based on dental eruption
patterns and defined as follows: younger subadults from 0 to 5.5 years, older subadults
from 6 to 18 years, adults from + 18 years onward. Sex was unknown for a part of the

sample, therefore this variable was not considered in the study.

3.2.3.2 The dataset

A total of 43 landmarks were employed to represent facial size and shape on the 3D
surface mesh of each cranium. The maxillary sinuses were manually segmented using the
software Avizo 9.0. Six landmarks were located on the surface of each sinus; five of these
are defined as geometrical landmarks: the most extreme surface points on the antero-
posterior and dorso-ventral axes, and the most lateral point on the left-right axis, with
crania oriented along the Frankfort Plane (Maddux and Butaric, 2017). One homologous
landmark (type |) was collected on the internal surface of the maxillary sinuses, defined
as the ostium, which connects the maxillary sinuses to the middle turbinate (see Section

2.0.3 of Chapter 2 for further information).

129



Additionally, 58 surface and curve semilandmarks were acquired on a juvenile cranium
used as the template specimen. Surface and curve semilandmarks were used to
characterise the form of regions where Type | or Type Il landmarks are not plentiful, such
as the nasal and choanal rim and the maxilla and alveolar regions (Bookstein, 1991). As
has been shown in previous work (Bookstein, 1991, 1997; Bookstein et al., 2003;
Mitteroecker et al.,, 2004; Gunz et al.,, 2005), semilandmarks also provide for more
detailed visualisation of shape variations resulting from geometric morphometric
analyses. After the first step of sliding of the specimens against the template, the mean
configuration (consensus) was created and sliding was performed again, using the mean
as the new template. The landmarks and semilandmarks were split into anatomical

components as shown in Figure 3.2.1.

Figure 3.2.1. Configuration of landmarks and semilandmarks split into facial components for the present
study. Purple= orbit; yellow= palate; cyan= nose; blue= zygomatico-maxillary. The maxillary sinus is not

visible in the picture but is clearly represented in Figure 2.3 of this thesis.
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3.2.3.3 Statistical analyses

This chapter explores the issues raised above. It begins by characterising the growth,
development and allometry of individual facial components and then compares them. To
this end, Hypothesis 1 states that:Hypothesis 1. The skeletal components of the modern
human face do not differ in their growth, development or allometry among different age

classes.

It is expected that this hypothesis will be falsified given that many prior studies have
shown differential timings and rates of morphological change for different components
of the face during ontogeny. However, the testing of this hypothesis will lead to detailed
data on the nature of these differences. In order to test this hypothesis for each facial
component, how centroid size changes over time (growth), how shape changes over time
(development) and how shape scales (allometry) are characterised statistically. The
results are then compared between age classes in order to assess differences in growth,
development and allometry. To test Hypothesis 1, growth trends (a linear regression of
centroid size vs age) are compared among different facial regions. To test the influence
of size on shape (allometry), age on shape (development) and age on form (growth and
development), a series of multivariate regressions are carried out for different age classes
and regions. Then, the significance of divergences in ontogenetic trajectories between
younger subadults and older subadults and older subadults and adults is assessed. As for
the analyses in Chapter 3.1, testing of divergence in ontogenetic trajectories between
younger subadults (younger than 5.5 years old) and older subadults (between 6 and 18
years old) and between the latter and adults (18+ years old) was performed using the
regression vectors resulting from the multivariate regression for each of the two age
classes and the angle between them computed (angle test). Its significance was assessed
using permutation test, in which the age class membership was randomly permuted and
the angle recalculated. One thousand permutations were carried out and the estimated
angle between the species was compared with the distribution of permuted angles to

assess its significance.

The second hypothesis states that:
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Hypothesis 2. The nature (modes of) and magnitude of covariation among facial

components is constant throughout ontogeny.

This hypothesis will be falsified if, comparing different age classes, significant changes are
observed in the modes or magnitudes of covariation among pairs of facial components.
Hypothesis 2 is tested by estimating the magnitude and significance of size and shape
covariation among pairs of facial components (‘blocks’) using Pearson correlations (size)
and 2-block Partial Least Squares analysis (PLS) of shape variables. As for Section 3.1, to
assess how much of the total shape variance of a single block is “explained” by its
association with the other block in the PLS, the percentage of total shape variance
accounted for by specific PLS axes (the ratio between the variance of PLS scores and the
sum of the variances of the shape coordinates) is calculated for each block (Cardini,

2019).

3.2.4 Results

Hypothesis 1 states that the skeletal components of the modern human face do not differ

in their growth, development or allometry among different age classes.

For each facial component, growth was assessed through plots of centroid size on age
and by calculating the correlation between them. The plots and correlations indicate that
all regions grow similarly with the greatest scatter (variance in Csize) in the maxillary sinus

and palate (Figure 3.2.2).

The results of the regressions of shape on centroid size (allometry), shape on age
(development) and form on age (growth and development) for each facial region in each
of the 3 different age classes are presented in Table 3.2.1 (a to e). Vector comparisons
between younger subadults and older subadults and older subadults and adults are also

presented.
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Figure 3.2.2. Changes in size with age for all the facial regions. All correlations (R?) are significant (p-

value < 0.001).

For the zygomatico-maxillary region (Table 3.2.1, a), allometry (shape on centroid size)
accounts for a large proportion of the total variance. Indeed, in the 0-5.5 year group, 40%
of the changes in shape are associated with growth (p-value < 0.001), while this value
decreases to 11% (p-value < 0.008) in the older age group (6-18). In adults, the regression
is not significant indicating that centroid size variance is very small and does not affect
significantly the zygomatico-maxillary shape. Very similar results were obtained from the
regressions of shape on age in the three age classes. The regressions of shape on age or
centroid size after accounting for centroid size or age (residual variation) are not
significant. The regressions of zygomaxillary form (centroid size and shape) on age, show
that centroid size is an important aspect of subadult variation because they account for

a very large proportion of total variance, 72% overall and 74% and 37% in the younger
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and older age groups respectively, while the adults show no significant regression of form
on age. The permutation tests that assess the significance of the divergence of these
ontogenetic regression vectors between younger and older subadults (Table 3.2.1, f) are
highly significant. This indicates that the ways in which infant and juvenile zygomatico-
maxillary regions grow and develop differ significantly. Divergences between older

subadults and adults were not tested because the regressions in adults are not significant.

Regarding the nasal complex (Table 3.2.1, b), only 19% of the total variance is explained
by the regression of nasal cavity shape on centroid size. However, the regression of shape
on centroid size is significant in all three age classes, with centroid size explaining 41% of
nasal variance in younger subadults, 10% in older subadults and 9% in adults. The
regression of shape on age shows that age accounts for similar proportions of total
variance as did centroid size and that regression of form on age again accounts for a large
proportion of total variance in each analysis. The regression of shape on centroid size
after accounting for age (residual variation) is highly significant while the regressions of
shape on age after accounting for centroid size is not. In all cases, the divergence of
regression vectors is significant for the comparison between younger and older
subadults. The divergence between older subadults and adults is either not significant or

not tested because of insignificant regressions in the latter (Table 3.2.1, g).

In the palatal region (Table 3.2.1, c), 44% of the total shape variance is accounted for in
the regression of shape on centroid size when considering the entire sample. In younger
subadults, this is 24% while in older subadults the regression is not significant.
Interestingly, in adults, the regression of palatal shape on centroid size becomes
significant again (p-value 0.003), with 16% of the total variance of the palatal shape being
explained. In contrast, the regressions of shape on age are significant for the whole
sample and for both younger subadults and older subadults, but not for the adult age
group. The regressions of palatal form on age are significant only in the younger subadult
and adult groups. The regressions of shape on centroid size after accounting for age
(residual variation) and of shape on age after accounting for centroid size are not
significant. The analyses of divergences of regression vectors show that the regression
vectors of shape on age (80°, p < 0.001) and form on age (31°, p < 0.001) diverge

significantly between younger and older subadult groups (Table 3.2.1, h).
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Allometry of the orbit (Table 3.2.1, d) is only significant for the whole sample and in the
two subadult groups, with 13% and 19%, respectively of the total variance in orbital shape
explained in younger subadults and older subadults. Similar results are obtained for the
regressions of orbital shape on age, while all regressions of form on age are significant
except in adults. The regressions of residual shape on centroid size and age, after
regressing out age and centroid size respectively, are not significant. The analysis of
divergence of the regression vectors show that there are no differences except between
the vectors of the form on age regression for the younger and older subadult groups

(27°, p-value= 0.002, Table 3.2.1, i).

Finally, when considered over all ages, maxillary sinus allometry is highly significant,
explaining 17% of the total variance (Table 3.2.1, e p-value= 0.001). However, it is not
significant within any single age class. The regression of shape on age is significant (p-
value= 0.001) when computed over the whole sample, not significant within any of the
two subadult groups and significant in the adult group (R?= 13%, p-value= 0.004). All
regressions of sinus form on age are significant. As with the orbit, regressions of residual
shape on centroid size and age, after regressing out age and centroid size respectively,
are not significant. Comparisons among age groups of regression vectors, only find
significance for form vs age where all age classes differ significantly in this relationship

(Table 3.2.1, I).
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Table 3.2.1. Multivariate regression of shape on centroid size and age, and of form on age for the whole
sample and for the three age classes for the right zygomatico-maxillary complex (a), nasal cavity (b) right
palate (c), right orbit (d) and right sinus (e). After multivariate regression, the regression vectors of different
age classes were compared for each region, testing for significance of the angle of divergence: right
zygomatico-maxillary complex (f), nasal cavity (g), right palate (h), right orbit (i), right sinus (l). The R? values
(coefficient of determination) represent the percentage of total variance explained by each multivariate
regression. N.a (not applicable) was used when no comparison was possible due to non-significant results;

n.s = non-significant.

a.

Right zygomatico-makxillary
complex

Shape vs size

P-value
EIE s 001
2% n.s

oss 0.001
T I 1 1% 0.008
FEZR ] o5

P-value
EX R 35% 0.01
i 0.5% n.s
37% 0.001
9% 0.04
4% n.s
. Formvsage
P-value

ER i 725% 0.001
bss A% 0.001

37% 0.001

] 2%

136



b.

Nosalcavity

all (age regr. out) 14%
oss  [EEZ
6- 18 10%
9%

— Shape vs age
ER 14%

all (size regr. out) 0.9%

3%

Shape vs size

_
GEERR %
16%
_Shape vs age
R
ELI 41%

all (size regr. out) 0.8%

oss  po

6 18 10%

3%

— Form vs age

P-value

0.001
0.001

0.001
0.04
0.01

P-value

0.001
n.s

0.001
0.03
n.s

P-value
0.001
0.001
0.001
n.s

Right palate I R

P-value
0.001
n.s
0.001
n.s
0.003

P-value
0.001
n.s
0.001
0.04
n.s

P-value
0.001
0.001
0.002
n.s

137



Shape vs size
R
LR 13%

all (age regr. out) 2%
oss5 A

6-18 8%

8%
© shapevsage
R
B 9%

1%
o055 |

18%

L shapevsssize
R
EIE e 17%

all (age regr. out) 1%

e 9
B shepevsaee

all (size regr. out) 0.8%
oss  EZ
6-18 7%
13%

— Form vs age

Rightorbit |

P-value
0.001
n.s
0.007
n.s

n.s

P-value
0.001
n.s
0.02
n.s

n.s

P-value
0.001
0.001
0.003
n.s

Right maxillary sinus ||

P-value
0.001
n.s

n.s

n.s

n.s

P-value
0.001
n.s

n.s

n.s
0.004

P-value
0.001
0.001
0.001
0.01

138



f. Right zygomatico-maxillary complex: angle tests
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Hypothesis 2, that the nature (modes of) and magnitude of covariation among facial

components is constant throughout ontogeny.

Table 3.2.2 shows the results of the two-block PLS shape analyses between pairs of facial
regions (blocks) in younger subadults, older subadults and adults. In younger subadults,
most analyses show significant association between regions, with high correlation
coefficients among all pairs of blocks. However, the maxillary sinus covaries significantly
only with the orbit and the zygomatico-maxillary region, having no significant association
with the nasal cavity and palate. The proportion of the total covariance of the sinus and
orbit explained by PLS1 is 62%, while that between the sinus and the zygomatico-maxilary
complex is larger (72%), potentially because this complex encases most of the shape of
the sinus. The zygomatico-maxillary region shows high and significant associations with
all the other modules, while the nasal cavity, palate and orbit all show a lower but still
significant degree of covariation. The palate and orbit do not covary. The percentage of
total shape variance accounted for by PLS1 within each block is large for the nasal cavity
and zygomatico-maxillary complex, where about 50% of their total shape variance is

accounted for in their covariance with the other blocks.

In older subadults, the associations are reduced in magnitude (% of total covariance) and
most are not significant. The zygomaxillary complex is the only module maintaining a
significant relationship, which it does with all of the other regions of the face, except the
maxillary sinus. In adults, the only significant associations are found between the shapes
of the nasal cavity and those of the palate and maxilla. PLS plots and warpings are not

presented because they are of limited interest with respect to the hypothesis.
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PLS shape analyses between facial modules in age groups

Younger subadults

Block 1 vs Block 2 TOT. COVAR. CORR. COEFF. P-VALUE EXPLAINED VARIANCE  EXPLAINED VARIANCE
BLOCK 1 BLOCK 2

N.cavity- R.palate 73.09 % 0.84 0.004 52.22% 26.11%
N.cavity- R.zygomatico-maxilla 92.23% 0.93 0.001 53.15% 49.23 %
N.cavity- R. Maxillary sinus 7111 % 0.81 ns n.a n.a
R.zygomatico-maxilla- R. Maxillary sinus  72.06 % 0.84 0.04 48.27 % 25.14 %
R.Orbit- R.palate 54.35% 0.85 ns n.a n.a

R.Orbit- R.zygomatico-maxilla 76.02% 0.89 0.003 29.05 % 49.18 %
R.Orbit- N.cavity 79.03 % 0.84 0.01 27.23% 52.16 %
R.Orbit- R. Maxillary sinus 62.01% 0.85 0.01 29.44% 32.04 %
R.Palate- R.zygomatico-maxilla 71.34% 0.85 0.006 27.18% 47.06 %
R.Palate- R. Maxillary sinus 32.13% 0.76 ns n.a n.a

PLS shape analyses between facial modules in age groups

Older subadults

Block 1 vs Block 2 TOT. COVAR. CORR. COEFF. P-VALUE EXPLAINED VARIANCE ~ EXPLAINED VARIANCE
BLOCK1 BLOCK 2

N.cavity- R.palate 34.05% 0.75 ns n.a n.a

N.cavity- R.zygomatico-maxilla 4526 % 0.89 0.004 23.12% 19.15 %

N.cavity- R. Maxillary sinus 48.18% 0.75 ns n.a n.a

R.zygomatico-maxilla- R.sinus 46.32 % 0.85 ns n.a n.a

R.Orbit- R.palate 4127 % 0.47 ns n.a n.a

R.Orbit- R.zygomatico-maxilla 66.09 % 0.83 0.005 43.28% 18.12%

R.Orbit- N.cavity 59.12% 0.73 ns n.a n.a

R.Orbit- R. Maxillary sinus 40.26 % 0.37 ns n.a n.a

R.Palate- R.zygomatico-maxilla 42.03 % 0.91 0.02 24.17% 16.21 %

R.Palate- R. Maxillary sinus 40.17 % 0.67 ns n.a n.a

PLS shape analyses between facial modules in age groups

Adults

Block 1 vs Block 2 TOT. COVAR. CORR. COEFF. P-VALUE EXPLAINED VARIANCE ~ EXPLAINED VARIANCE
BLOCK 1 BLOCK 2

N.cavity- R.palate 66.10 % 0.88 0.001 19.22% 37.11%

N.cavity- R.zygomatico-maxilla 59.02 % 0.95 0.001 23.14% 26.34%

N.cavity- R. Maxillary sinus 44.05 % 0.72 ns n.a n.a

R.zygomatico-maxilla -R.sinus 46.23 % 0.71 ns n.a n.a

R.Orbit- R.palate 49.17 % 0.54 ns n.a n.a

R.Orbit- R.zygomatico-maxilla 40.20% 0.73 ns n.a n.a

R.Orbit- N.cavity 34.18% 0.56 ns n.a na

R.Orbit- R. Maxillary sinus 47.02% 0.62 ns n.a n.a

R.Palate-R.zygomatico-maxilla 43.07 % 0.74 ns n.a na

R.Palate- R. Maxillary sinus 53.15% 0.60 ns n.a n.a

Table 3.2.2. Associations among facial blocks as assessed by two-block PLS analysis in younger
subadults (a), older subadults (b) and adults (c). TOT.COVAR= percentage of total covariance explained
by the first pair of singular warps, CORR.COEFF= correlation coefficients between blocks for PLS1
scores with p-value assessed by permutation test. For each block, the proportion of its total shape
variance explained by its covariance with the other block was estimated (ns=not significant, n.a= not

applicable).
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Younger subadults R. Orbit R. Zygomatico-maxilla | R. Palate Nose R. Maxillary sinus

R. Orbit - 0.99*** 0.96%** 0.97*** 0.97***
R. Zygomatico-maxilla - - 0.97*** 0.98*** 0.97%**
R. Palate - - - 0.97*%* 0.94%**
Nose - - - = 0.94***
R. Maxillary sinus - - = . -

Older subadults R. Orbit R. Zygomatico-maxilla | R. Palate Nose R. Maxillary sinus
R. Orbit - 0.81%** 0.62%** 0.78%*** 0.66**
R. Zygomatico-maxilla - - 0.84%** 0.89%** 0.77%**
R. Palate - - - 0.67*** 0.53**
Nose - - - - 0.73%**
R. Maxillary sinus - - - - -

Adults R. Orbit R. Zygomatico-maxilla | R. Palate Nose R. Maxillary sinus
R. Orbit - 0.78%** 0.67*** 0.63*** 0.27 ns
R. Zygomatico-maxilla - - 0.66*** 0.74%** 0.37 ns
R. Palate - - - 0.45* 0.17 ns
Nose - - - - 0.47*
R. Maxillary sinus = = = = =

Table 3.2.3. Pairwise Pearson’s correlation among the Csize of the facial blocks in younger subadults
(top), older subadults (middle) and adults (bottom). P-values are indicated with asterisks, *** =

p.value < 0.001, ** = p.value < 0.01, *= p.value < 0.05.

Correlations among Csizes of the facial modules in Table 3.2.3 indicate that in younger
subadults, for all facial blocks, changes in size in one module are significantly associated

with changes in size in another module, with similar and high correlation coefficients for
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all pairs. In the older subadult group, all correlations are smaller than in the younger
subadults but moderately large and significant, except for the palatal module. The Csize
of this region is strongly correlated only with that of the zygomatico-maxillary region
(Pearson’s coeff.= 0.84***) and less so with the sinus (Pearson’s coeff.= 0.53**), nose
(Pearson’s coeff.=0.67***), and orbit (Pearson’s coeff.= 0.66**). This, combined with the
PLS results for the subadults, which show palatal shape has no significant covariation with
the other facial modules except for the zygomatico-maxillary region, suggests a degree
of modularity of this region between 6 to 18 years. In the older subadult group, Csize of
the zygomatico-maxillary region has the highest correlation with Csize of all the other
variables. This, combined with the PLS results for the same age group, which show that
this region has the highest and most significant covariation coefficients with the palate,
orbit and nose, suggests that this region has a central role as an integrating element of

the facial complex.

In adults, all correlations are lower compared to the two subadult groups, however, the
zygomatico-maxillary complex maintains high correlations with the nasal cavity
(Pearson’s coeff.= 0.74***) and orbits (Pearson’s coeff.= 0.78***). The maxillary sinus
does not correlate with any other region in adults except the nasal cavity (Pearson’s

coeff.= 0.47%).

3.2.5 Discussion

Numerous studies have examined the growth and development of the facial skeleton and
the covariation among facial elements in different populations (Butaric and Maddux,
2016; Paoloni et al., 2017). However, detail of how different regions grow, develop and
scale and how they interact during postnatal ontogeny in modern humans are not yet
fully understood. In part, this is because of methodological limitations. Beyond this, facial
growth is a complex phenomenon that varies among populations (Vidarsdottir et al.,
2002) and it is hard to study because of variability and because of the limitations of
sampling due to lack of quality and quantity of CT scans (as was also the case in this study).

Additionally, because of the difficulty of obtaining large and complete ontogenetic series
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from single individuals, most studies have to rely on cross-sectional data, which bring
along many issues limiting what can be learnt (German, 2004). However, knowledge of
facial ontogeny and ontogenetic interactions is fundamental to both the treatment of
craniofacial dysmorphologies and in understanding the evolutionary mechanisms of
morphological differentiation among modern humans and their closely related relatives

(Ackermann and Krovitz, 2002; Krimmel et al., 2015; Evteev et al., 2018).

The aim of this chapter is to investigate how different facial modules grow and develop
during ontogeny, how they covary, how their shape relates to centroid size and how

shape and form relate to age.

Hypothesis 1 stated that the skeletal components of the modern human face do not differ

in their growth, development or allometry among different age classes.

Figure 3.2.1 shows that size changes with age, unsurprisingly, are a common feature of
all regions with the variance in centroid size observed in subadults being least in the orbits
and zygomatico-maxila and greatest in the maxillary sinus and palate. Thus, size changes
during ontogeny are highly integrated, with differences between regions becoming more
evident with age. The maxillary sinus and palate are least integrated through allometry.
It is clear from Table 3.2.1 that, for each region, the relationship between shape and
centroid size, shape and age, centroid size and age and form and age is not consistent
during ontogeny and that the ways in which these regions grow and develop is

significantly different among age classes as well as among regions.

For the zygomatico-maxillary complex (Table 3.2.1, a), all the regressions are significant in
younger subadults and older subadults but not in the adult group, although the
proportion of total variance explained by the regressions drops in the older subadult
sample. This indicates that changes in shape due to changes in size (allometry) or age
(development) and changes in form over time persist until at least the age of 18.
Furthermore, in the younger and older subadult groups, these changes occur along
significantly divergent trajectories, as shown by the angle tests in Table 3.2.1 (a). This
suggests that the vectors of shape change in these anatomical regions are profoundly
different between the two age classes. These results show that divergent midfacial

trajectories are not only present in different populations at birth and further accentuated
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during growth (Vidarsdottir et al., 2002; Vidarsdottir and O’Higgins, 2003), but that, within

the same trajectory, divergence exists between different age classes.

When looking at the nasal cavity (Table 3.2.1, b), interestingly, the relationship between
shape and centroid size is significant in all three age classes, indicating that allometric
development of this structure continues throughout adulthood. However, divergence of
ontogenetic vectors is only found between the younger and older subadult groups,
indicating that the older subadults and adults scale along the same trajectory. Previous
research has focussed on the growth rate of the nasal septum, with results highlighting
that growth is most significant from 10 to 30 years of age (Kim et al., 2008). Other studies
have focussed on the nasal septum asymmetry and its influence on the maxillary complex
(Kim et al., 2011). The analysis in Table 3.2.1b, examining the allometry of the entire nasal
cavity, confirm the trends observed in other studies for the size of the nasal septum and
builds on these results, indicating that the prolonged changes in size of the nasal cavity
also have a prolonged impact on nasal shape, with effects that extend from infancy to
adulthood. The regressions of both shape and form on age are significant in the younger
and older subadult groups but not in adults; however, as previously discussed, limitations

due to lack of age information for the adults might affect this result.

The regression of palatal shape on centroid size (Table 3.2.1, c) is significant for the
younger and adult groups, but not for the older subadult group. The regressions of shape
and form on age are significant for younger and older subadult groups, and the resulting
ontogenetic trajectories differ significantly between the younger and older subadults,
suggesting that the changes in shape with age differ between the two age classes, and
that when size is included in the analysis of shape (form) the divergence still exists among

different age classes.

For the orbit, the regression of shape on centroid size and on age (Table 3.2.1, d) shows
that allometric development is significant only in the younger subadult group, up until
the age of 5.5 years old. This is in agreement with what is observed in the literature
(Evteev et al., 2018) and with Section 3.3, where the growth of the orbit, its impact on
shape and its interaction with the other facial regions are significant in the first years of

life and become less prominent as age increases.

Looking at the regressions for the maxillary sinus (Table 3.2.1, e) its shape is not

significantly associated with its centroid size or age for any of the age classes. However,
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the regressions of form (shape and size) on age are significant in all age groups, with
significantly divergent trajectories between younger and older subadult groups and
between older subadults and adults. These results suggest that the significance is driven
by the introduction of the size information (form), suggesting that there is an association
between size and age, rather than shape. The absence of significant regressions between
centroid size and shapein all the age classes indicates that the maxillary sinus morphology
is highly variable during ontogeny, reflecting the difficulties that previous workers
encountered in classifying their shape (Kim et al.,, 2002). Therefore, Hypothesis 1 is
falsified, since growth and allometric development differ significantly among different
age classes and different regions, with divergent trajectories between age groups within

single regions.

Hypothesis 2 stated that the nature (modes of) and magnitudes of covariation among

facial components is constant throughout ontogeny.

PLS analyses indicate that the associations among the shapes of facial elements in the
younger subadult group are all significant, except between the palate and orbit, with the
highest total covariation found between the nasal cavity and the zygomatico-maxillary
complex. This suggests that developmental changes are highly integrated (as defined by
Klingenberg, 2009, Goswami and Polly, 2010) in terms of covariance among regions
during childhood. As other authors have observed (Gkantidis and Halazonetis, 2011),
allometry, which in the regressions of Table 3.2.1, explains a greater proportion of total
variance in younger subadults, influences the strength of morphological covariation.
Marked size increases result in stronger associations between facial modules in younger
subadults. The only significant covariation identified from the PLS analyses of shape in
the older subadult group is found between the zygomatico-maxillary region and the
palate, orbit and nasal cavity. Thus, the zygomatico-maxillary region seems to play a
central role in the integration of all of the elements of the face at these stages of growth.
This result is supported by Bastir and Rosas (2013), who addressed the covariation among
facial regions and found higher covariation between the midface and other regions. Thus,
even though the zygomatico-maxillary complex, nasal cavity and other facial elements
develop somewhat independently prenatally, during childhood and adolescence these
regions come to show degrees of covariation, with the midface mediating the integration

between facial elements. Only two pairs of modules covary significantly in the PLS
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analyses of the adults: the nasal cavity with the palate and the nasal cavity with the
zygomatico-maxillary complex. This last association is consistently significant throughout
the entirety of ontogeny, and in younger subadults the nasal cavity shows significant

covariation with all other regions except the sinuses.

These results, together with the regression results in Table 3.2.1, which indicate that the
relationship between nasal shape and centroid size is significant in all three age classes,
support prior studies that suggested a central role of the nasal cavity in shaping the facial
complex (Pirsig, 1992; Holton et al., 2012; Al Dayeh et al., 2013, Hartman et al., 2016).
Indeed, the nasal complex changes throughout life, with allometry affecting nasal
proportions from infancy through adulthood. Despite these changes, this region
maintains high covariation and integration with adjacent structures, particularly the
zygomatico-maxillary complex and palate. This last association (nose-palate) has been
observed in in vivo experiments on animals and has been linked to the potential for
growth of the nasal septum to affect the growth and development of the alveolar region
(Holton et al., 2011). While it is not possible to determine causality when looking at
covariation, it is evident from these results and previous research that the nasal cavity

plays a central role, which will be further investigated in Section 3.3 of this thesis.

The maxillary sinus is significantly associated only with the zygomatico-maxillary complex
and the orbits and only in the younger group. This is likely because orbital growth and
development are most pronounced during early childhood (Krimmel et al., 2015),
therefore the PLS is reflecting the simultaneous development of the orbit and sinus in the
first years of life, the floor of the former constituting the superior boundary of the latter.
Surprisingly, while the maxillary sinus and the zygomatico-maxillary region show
significant shape covariation in the younger subadult group, this is not observed in older
subadults and adults, even though most of the maxillary sinus is encased in the
zygomatico-maxillary complex. Thus, the PLS analyses indicate that sinus development is
not associated with the development of adjacent facial regions. These results support
studies indicating a minor role of this structure in shaping the human face (Butaric and

Maddux, 2016, Evteev and Grosheva, 2018).

Complementing the studies of shape covariation among regions, analyses of the strength
of association of ontogenetic size variation find strong, significant and widespread

correlations among pairs of blocks in younger and older subadults, although correlations
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are lower in the latter with the exception of the zygomatico-maxillary complex. This
reflects the shape covariation observed in the PLS analyses, in which this region maintains
significant and strong associations throughout postnatal ontogeny. These results further
indicate that the zygomatico-maxillary complex acts to integrate elements of the face

(Bastir and Rosas, 2013).

In contrast, palatal size shows relatively weak correlations with the size of other facial
modules, reflecting the PLS analyses of palatal shape, which shows a degree of

independence of this region especially in older subadults.

In adults, correlation coefficients remain large and significant among all pairs of variables
except the maxillary sinus, which shows no significant correlation with any other facial
structure except for the nasal cavity. This reflects the PLS analyses of shape associations
which showed maxillary sinus shape is not significantly associated with the shapes of
adjacent facial regions at all age stages (except for two significant covariations with the
orbit and zygomatico-maxilla in older subadults). These findings reflect those of a
previous study that attempted to classify sinus adult shape in terms of the location of the
sinus walls with respect to parts of the face (Kim et al., 2002). The study found at least six
different morphological types, indicating how highly variable this structure is in adult
modern humans. Other studies, when looking at maxillary sinus form in adults of different
populations, also found an exceptionally high level of within and between-group variance
(Evteev and Grosheva, 2018), as well as a positive correlation between the size of the
maxillary sinuses and that of the nasal cavity, so that larger faces have a larger nose and
sinuses (Holton et al 2013; Evteev and Grosheva, 2018). In conclusion, these findings
falsify Hypothesis 2 because the nature (modes of) and magnitudes of covariation among

facial components vary markedly and significantly throughout ontogeny.

3.2.6 Conclusions

It is evident that during postnatal ontogeny, significant differences arise in allometry
between different age classes within each facial region and in the covariation among

regions. Most facial regions show divergence of ontogenetic (allometry and
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development) trajectories between younger and older subadults (Table 3.2.1). Thus, the
ways in which facial elements change in size, shape and in their interactions with other
elements change over time. Similar shifts in modes of shape change during ontogeny are
observed in the colour maps of Section 3.1., Figure 3.1.1 and 3.1.7, where differences in
the development of the nose and maxilla are evident between younger and older

subadults.

In addition, size and shape (allometry) of the nasal cavity are significantly associated from
infancy to adulthood. Indeed, as emerging from the PLS analyses, the nasal cavity is the
only region that possesses significant covariation in the adult group, its changes being
significantly associated with the palate and zygomatico-maxillary complex, and the only
region that shows significant covariation with the zygomatico-maxillary complex
throughout the entire postnatal ontogeny. This suggests a major role of the nasal

complex within the face, which is further explored in Section 3.3.

Some interesting insights from the results of this section also concern the palatal region,
which shows reduced interactions with other parts of the face from 6 to 18 years (Table
3.2.2). In addition, shape changes appear not to be associated with size changes but to
ageing (Table 3.2.1, c). This could provide useful insights into palatal clinical procedures,
especially for the treatment of the cleft palate (Rohrich et al., 2000). Indeed, information
about the palate being a relatively independent unit during the 6 to 18 year time range
could help identify better procedures for palatal surgical intervention without affecting

adjacent structures.

The results of this section also shed light on orbital development. The orbital region, as
already observed (Evteev et al., 2018) appears to grow and develop rapidly during the
period 0 to 6 years, during which it shows some significant interactions with other
regions. In the older subadults and adults, its allometric development ceases and
covariation with adjacent regions is less significant. This is also evident when looking at
the colour maps of Section 3.1 Figure 3.1.1 and 3.1.7, which show this region undergoes

little expansion throughout ontogeny.

These studies present some interesting insights into the maxillary sinuses and their
interactions within the facial complex. The shapes of these sinuses covary very little with

the shapes of adjacent structures, but size changes of the sinuses are associated with size
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changes elsewhere in the face. Thus, while maxillary sinuses grow as the face grows, their
shape, as seen in previous studies (Evteev and Grosheva, 2019) is highly variable and does
not develop in an integrated way with adjacent regions. These results, as already
mentioned in the discussion, support the conclusion that sinuses have a minor role in
cranial architecture and probably develop somewhat arbitrarily within the available
space. This is consistent with prior studies that have suggested these sinuses arise
through mechanical cues that stimulate remodelling. Thus, their morphology is variable
because their development depends on local strains developed within the maxilla from
the interaction between available space, and the (variable) forces experienced by it
during life. These findings are consistent with prior finite element analyses (O’Higgins et
al., 2006; O’Higgins et al., 2012) that have shown that the maxillary sinuses occupy
regions that, if filled with bone, would experience very low strains. These findings support
the view that the sinuses develop opportunistically in response to mechanical signals,

rather than under genetic control.

In conclusion, this study aims at starting the investigation of the relation among facial
elements during ontogeny with the goal of shedding light on the patterns of variation and
covariation during growth and development. Results show that allometric patterns vary
significantly among different age classes and among different facial regions, with
divergent trajectories between different age classes of a single region indicating that
modes of development differ significantly among younger and older subadults. Shape
and size covariation patterns also vary significantly between different age classes, with
the younger subadults having the strongest interactions. Limitations of this study include
the sample size and the lack of precise information about gender and age. Further studies
including a larger sample and variables such as gender and exact age should aim at
building a normative study of the human face during the entire life cycle from infancy to

old age.
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3.3 Path Analyses applied to growth models: contribution of skeletal and soft-tissue

matrices to facial ontogeny

3.3.1 Background

This chapter aims to clarify the interactions among facial components in driving the
growth and development of the human face in the first years of life. It will do this by
applying the statistical method of path analysis to infer interactions among skeletal and
soft tissue facial elements including derivatives of the nasal capsule, maxilla, orbit and

alveolar region.

Human craniofacial ontogeny has been the subject of intensive study in several
disciplines. This body of research spans studies of evolutionary patterns of variation in
hominins (O’Higgins et al.,2000; Ponce de Leon and Zollikofer, 2001; Ackermann and
Krovitz, 2002; Cobb and O’Higgins, 2004; Bastir et al., 2007), through anthropological
analysis of current growth trends in different modern populations (Vidarsdottir et al.,,
2002; Gonzalez et al., 2010), to the creation of normative reference data for surgical and
clinical studies (Buschang et al., 1983; Landes et al., 2002; Jiang et al., 2015; Gkantidis and
Halazonetis, 2011). The common aims are to understand the mechanisms that regulate
craniofacial growth, the major driving forces and constraints acting on it over ontogenetic
and evolutionary time and how the cranium grows and develops to reach its final size and
shape. Particularly relevant to this chapter, many studies have addressed the interactions
among the cranial base, neurocranium and mandible and their influence on human
craniofacial development (Lieberman et al., 2002; Bastir and Rosas, 2006; Bastir et al.,,
2006). These suggest a hierarchy of ontogenetic interactions that impacts on the
development of aspects of facial form such as its vertical development, its orientation
and prognathism (e.g. Lieberman et al., 2002; Bastir and Rosas, 2006; Bastir et al., 2008;
Neaux et al.,, 2015). Although patterns of craniofacial growth, development and
interactions among regions are becoming better understood, there is a lack of
understanding of the mechanisms underlying these interactions, especially when
considering the face and its sub-regions (Bastir and Rosas, 2004, Butaric and Maddux,
2016; Maddux and Butaric, 2017). Several attempts to identify the drivers of change in
the facial region during ontogeny have been made, with contrasting results supporting

151



either skeletal or soft tissue components as the principal pacemakers for facial growth
and development (MclLaughlin, 1949; Scott, 1956; Wexler and Sarnat, 1965; Burston and
Latham, 1964; 1970; Moss, 1968; Babula et al., 1970; Diewert, 1985; Delaire and
Precious, 1987; Grymer et al., 1989; Grymer et al., 1991; Pirinen, 1995; Verwoerd and
Verwoerd-Verhoef, 2007; Wong et al., 2010; Holton et al., 2011; 2012; Al Dayeh et al.,,
2013; Hall and Precious, 2013; Goergen et al., 2017).

Differences in conclusions may be attributable to the choice of species (and so
differences in the form of sutures and articulations of bones) and to the differences in
approaches and sampling (i.e focusing on different areas at different times of

development).

In this chapter, growth interactions among skeletal components of the face are assessed
using path analysis. These relations are explored by building a path model in which a
specific network of interactions was designed to test the relationships between facial
bony elements. These results are then compared with those from a path that also
includes measurements of capsular and periosteal matrices as defined by Moss (Moss
and Young, 1960; Moss, 1968; Moss et al., 1968; Moss and Salentijn, 1969). The aim is to
investigate likely interactions among soft and hard tissues during growth and so, test
hypotheses concerning potential drivers of facial growth, first elaborated by Scott (1954;
1956; 1962) and Moss (Moss and Young, 1960; Moss, 1968; Moss et al., 1968, see Section
1.1.5 of Chapter 1 for further details).

3.3.2 Path analysis in literature

Path analysis is a statistical method used to test interactions in a network of dependent
and independent variables linked by hierarchical relations. The design of the network
represents hypothesised interactions derived from prior knowledge. Path analysis allows
the relative contributions of different hypothesised interactions to be evaluated and

compared.
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Path analysis was first conceived by the geneticist Wright (1921, 1934) as a means of
testing the interactions between multiple variables in a system to understand the
functional relations among them. It was designed to test alternative hypotheses about
cascades of interactions, to assess which are the most likely directions of action based on
the strength and significance of these interactions. Its aim is to assess the potential
connections between variables in a path model, analyse the relative contribution of each
to the dynamics of the designed path (Stage et al., 2004), and allow alternative paths to
be compared in these terms. The tests are performed using standardised multiple
regression, which computes the strengths and significance of the interactions between
the dependent and the independent variables. Conclusions can be drawn by comparing
the results (i.e strengths and significances of interactions) between sub-paths of a path
model or between two different path models. This approach is particularly useful in
testing complex models with multiple dependent and independent variables (Streiner,

2005).

Path analysis has been applied in psychology and social sciences (Duncan, 1966; Pajares
and Miller, 1994; Streiner, 2005; Rudasill and Rimm-Kaufman, 2009), ecology (Mitchell,
2001) and more rarely to analyse the interactions among morphological elements
(Mooney et al., 1989; Bullmore et al., 2000; Holton, 2008; Zollikofer et al., 2017). It is
important to note that each path model is designed using prior knowledge. Therefore,
the hypothesised hierarchy of interactions between variables is embedded in the design
of the model and needs to be based on a solid theoretical background. It is also important
to clarify that Path Analysis cannot be applied to determine causality but it can assess the
adequacy of the designed model in describing the relationships among variables and if
these are consistent with the model. If the variables inadequately account for observed
effects (the dependent variables) this is an indication that other factors not considered

in the original model should be considered for inclusion.
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3.3.3 The hypotheses

As applied in this study, path analysis aims to yield information about the proportional
contribution of the skeletal and soft tissue variables to the growth and development of
facial height in the early years. Two path models based on current hypotheses of
interactions among facial components, derived from the literature were designed. The
first (P1, Figure 3.3.1) is designed to test the relative contributions of different facial
skeletal elements to the vertical growth of the face. This path tests the intrinsic growth
model, hypothesised by Scott and other authors (Scott 1954, 1956, 1962; Young, 1960;
Vetter et al., 1984; Pirinen, 1995; Wong et al.,, 2010; Al Dayeh et al., 2013; Hall and
Precious, 2013), which states that primary cartilaginous growth centres (i.e nasal septum)
drive facial growth. The second path model (P2, Figure 3.3.2) assesses the contributions
of soft and skeletal tissues to facial ontogeny. This path aims to test aspects of the
Functional Matrix hypothesis, first elaborated by Moss (Moss and Young, 1960; Moss,
1968; Moss et al., 1968), and supported by authors over the years (Latham and Burston,
1964; Babula et al., 1970; Goergen et al., 2017), which hypothesises that soft tissues
interact with skeletal elements to drive facial growth (see Section 1.1.5 of Chapter 1 for

further details).

The structure of a general path diagram and of the two paths designed for this study is

explained in more detail below.

In a path diagram, the relationships and postulated interactions among variables are
indicated by arrows. A variable with no arrows pointing to it indicates an independent
variable, not affected by any of the others in the path diagram. A variable with one or
more arrows pointing toward it is a dependent variable that has one or more
independent variables acting on it. Bidirectional arrows indicate hypothesised two-way
interactions between variables (covariation). If a variable within the path is never
dependent, this is called an exogenous variable. Furthermore, a sub-path is a specific path
in the diagram leading from one exogenous variable to the final variable of the path,
which acts always and solely as a dependent variable. A variable that acts on, and is acted

upon by, other variables is an intermediate variable.
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After building a path diagram, the strengths of the hypothesised interactions between
dependent and independent variables are tested using standardised multiple
regressions. Standardised coefficients have a mean of 0 and a standard deviation of 1.
The resulting standardised partial regression coefficients, termed B coefficients or path
coefficients, indicate the change in the dependent expected when there is a one-unit
change in that particular independent variable while holding all the other independent
variables constant (Allen, 1997). Additionally, the proportion of the total variance of each
dependent variable explained by the independent ones in the path leading to it is

assessed by computing the R?, or coefficient of determination.

The first path diagram (P1, Figure 3.3.1) constructed in this section was designed to test
hypothesised interactions among the orbit, the derivatives of the nasal capsule, the
maxilla and the peri-alveolar region. The variables used in the path diagram were selected
by considering their function and development; each not only serves a different purpose
within the facial complex but is also derived from a different growth centre. The orbital
height and medial orbital height were used as proxies for orbital growth and
development; the height of the nasal cavity was chosen as a proxy for the growth and
development of nasal capsule derivatives, specifically the septum; the subnasal and
maxillary heights were chosen as proxies of, respectively, peri-alveolar and midfacial

growth and development.

In the path P1 (Figure 3.3.1), the role of nasal height (as a proxy for the growth of nasal
septum) on facial elements is compared to that of orbital height (proxy for the growth of
the orbital region). This first path diagram aims to test Scott’s nasal septum hypothesis
(1954). In his theory, Scott (1954) states “[...] The cartilage of the nasal septum is an
important factor in separating the bony elements which have developed around it and
may be regarded as a pacemaker for facial growth. This power of cartilage to separate
growing bones at sutures resides in its method of interstitial growth, its turgidity and its
ability to resist deforming forces” (Scott, 1954). This position has been supported by Hall
and Precious (2013), who using evidence from in vivo, in vitro and surgical records,
suggest that vertical nasal septum growth is the prevalent force acting on facial growth
when compared to other skeletal and soft tissue facial elements. Furthermore,

experimental studies in animals, in which vertical facial growth was constrained, show
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evidence that this restriction causes changes in premaxillary growth and displacement

due to continued nasal septal growth (Holton et al., 2011).

Therefore, in path P1, nasal height is chosen as an independent exogenous variable,
hypothesised here to not be influenced by the other skeletal variables in the model but
rather acting as a pacemaker for growth of the entire facial skeleton and all its variables.
Another hypothesised independent variable in the first path P1 is orbital height. This is
because some authors claim that, in the early years, the growth and development of the
orbit are rapid compared to other facial regions. This is said to have a major impact on
facial morphology in not only largely defining facial form during early stages but also
driving the growth, development and proportions among other facial elements (Sarnat,

1982; Farkas et al., 1992; Furuta, 2001).

Therefore, in P1, to compare the influence of these two exogenous variables, arrows from
nasal and orbital heights point at the intermediate variables of medial orbital height,

maxillary and subnasal height and at the final variable of facial height.

Specifically, medial orbital height is potentially influenced by the growth of the maximum
height of the orbit, but it could also reflect the development of the adjacent nasal bridge,
whose growth is directly proportional and potentially linked to the growth of the nasal
septum (Mondin et al., 2005). Therefore, in the path diagram P1 (Figure 3.3.1), arrows

point at this variable from the nasal and orbital heights.

In addition, the vertical development of the maxilla has been suggested to be influenced
by the rapid growth of the orbit during early childhood (Pool et al., 2020). Furthermore,
several studies have proposed that the maxillary and subnasal region are each primarily
influenced by the nasal septum, given its position within the central maxilla and its
anatomical connections at its inferior border with the palate and the alveolar region
(Holton et al., 2011). Therefore, in the first path diagram, P1, the maxilla is hypothesised
first to act as a dependent variable, affected by nasal and orbital heights, while subnasal

height is hypothesised as being influenced by nasal height.

In addition, subnasal height is hypothesised as dependent on maxillary height. Indeed,
the vertical development of the maxilla has been hypothesised to impact on the
development of the adjacent subnasal premaxillary region, in that patients with maxillo-
palatal deformities show abnormal premaxillary growth and development (Liao et al,,
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1998). Therefore, within the path P1, maxillary height is hypothesised to act on subnasal

height, and through that on facial height.

To end the path, all the variables, exogenous and intermediates, act on overall facial

growth (facial height).

The first path (P1) in Figure 3.3.1 was designed to test the following hypothesis:

Hypothesis 1. The interactions within the sub-path leading from nasal height to facial
height are stronger than those in the sub-path leading from orbital height to facial height

in all age groups.

Thus, the first path (P1, Figure 3.3.1), assesses the influence of nasal height on all the
dependent variables in all age groups relative to that of orbital height, and so assesses
Scott’s hypothesis that the nasal septum acts as a pacemaker during growth and
development (Scott, 1954; 1956; 1962) against the alternative, that the height of the
orbit is more important. As described above, these hypotheses are based on prior
experimental studies. The aim of this first path is to compare the relative strengths and

potential directions of the hypothesised interactions.

P1.

Nasal Height " | Medial Orbital Height

Maxillary Height | —_— | Subnasal Height | ——— Facial Height

Orbital Height

Figure 3.3.1. Path analysis diagram (P1) of the skeletal variables used to test Hypothesis 1. Image produced

by the author.
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The aim of the second path diagram (P2, Figure 3.3.2), is to compare the role of the
skeletal and cartilaginous components of the face with that of some of the cranial
functional matrices proposed by Moss (1960) in influencing facial height during growth.

Therefore, a second hypothesis was built, which states that:

Hypothesis 2. The interactions within the sub-paths leading from the soft tissue elements
to facial height are greater than those in the sub-paths leading either from the skeletal

elements to facial height.

According to Moss (1960), a functional matrix is “a tissue or space necessary to carry out
a given function” (Moss, 1968). In this context, the skeletal elements of the skull serve to
protect and support their related functional matrices (Moss, 1968). Periosteal matrices
are defined as muscles, blood vessels and nerves, and they act directly on the bone,
modifying it. Capsular matrices are defined as a space or an organ and are hypothesised
to act indirectly by modifying the capsular space they occupy, causing translation of other
cranial components in space. Moss counters Scott’s findings and those of other authors
supporting the Nasal Septum theory (Scott, 1956; Hall and Precious, 2013), claiming that
the nasal septal cartilage does not act through interstitial growth as a primary driver of
facial height and antero-posterior lengthening (Moss, 1968). By reviewing studies
investigating post-operative recovery after maxillo-facial surgery in children (Moss,
1968), Moss comes to the conclusion that the nasal septum is not a primary growth site,
but that its only role is to act as a pillar by physically supporting the nasal cavity, and its
growth is always secondary and compensatory to that of the facial soft tissue matrices.
According to Moss, the growth of soft tissues such as the orbital globe, the intra-oral soft
tissue and the facial muscles influences not only the growth of their supporting skeletal
elements, the maxilla, the orbit and the alveolar region, but also overall facial growth,

development and proportioning.
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Figure 3.3.2. Path analysis diagram of the skeletal variables (P2) used to test Hypothesis 2. Image

produced by the author.

Therefore, in the second path (Figure 3,.3.2, P2) built for this study, the masseter and
temporal areas (as proxies for muscle forces) and the intra-oral soft tissue and orbital
volumes (cube roots) are considered as exogenous variables acting on the maxilla,
subnasal, medial orbital and facial skeletal measurements together with the skeletal
exogenous variables of orbital and nasal heights. Finally, orbital volume and orbital height

are likely to covary (double-ended arrow).

If the impact of capsular and periosteal matrices (the exogenous variables of the intra-
oral soft tissue and globe volume and the masseter and temporal areas) on the
intermediate variables representing their skeletal support is bigger than the influence
exercised on the same intermediate variables by the independent exogenous variables of
the septum and orbit, this would support Moss’s functional matrix hypothesis. In fact,
according to Moss, the skeletal elements grow passively, to accommodate the growth
and development of the functional elements of the capsular and periosteal matrices

(such as muscles, soft tissues filling cavities and organs) of the skull (Moss, 1968).
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3.3.4 Material and methods

3.3.4.1 The explanation of the paths

This study examines the period from 0 to 6 years of age, in which the face experiences its
most rapid changes (Bulygyna, 2006). This rapid growth is also confirmed by the PCAs and
the results of the multivariate regressions between age and size and size and shape in

Sections 3.1 and 3.2.

The first path (P1) in Figure 3.3.1 was designed to test Hypothesis 1 as explained in the
introduction:

Hypothesis 1. The interactions within the sub-path leading from nasal height to facial
height are stronger than those in the sub-path leading from orbital height to facial height

in all age groups.

This hypothesis allows an assessment of the main factors that have been postulated to
drive facial skeletal changes. It specifically aims to test the hypothesised major role of the
septum (nasal height) in contributing largely to and acting as a driver of increases in facial
height. The role of the nasal septum as a primary pacemaker is studied by testing the
strength of association between the development of nasal height (exogenous variable)
and that of the intermediate variables of medial orbital height, maxillary height, subnasal
height and the final variable of the overall facial height. Simultaneously, the influence of
orbital height, the other exogenous variable, on medial orbital height and maxillary
height, and through these, on subnasal height and the final variable of overall facial height
is assessed. Whenever two variables point at the same dependent variable, they are
considered as acting simultaneously and the net effect of one is estimated by taking into

account the effect of the other.

Testing of this hypothesis will lead to estimates of the relative contributions of each of
the skeletal facial elements to overall growth in facial height in early postnatal ontogeny.
The analyses will examine the impact of the nasal and orbital variables on the regions
potentially affected by their growth and development, as well as the impact of all the

variables of the path on overall facial height increase in the period 0-6 years.
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If the null hypothesis is falsified, this would indicate that the orbits play a bigger role in
shaping facial proportions than suggested by Scott and that the nasal septum does not
act as a primary pacemaker during early years. Furthermore, it could indicate that other
developmental mechanisms possibly involving other variables not accounted for in the

path P1 (Scott’s 1954 model) contribute to shaping facial growth and development.

To test Moss’s functional matrix hypothesis the second path diagram, P2 (Figure 3.3.2),
is designed to assess the hypothesised relationships between soft and skeletal tissues, or,
as Moss termed them, between the facial functional matrices and their skeletal supports.

As stated in the introduction, Hypothesis 2 As sustains that:

Hypothesis 2. The interactions within the sub-paths leading from the soft tissue elements
to facial height are greater than those in the sub-paths leading either from the skeletal

elements to facial height.

If the null hypothesis is falsified, i.e if the soft tissue functional matrices defined in the
path P2 (the masseter and temporal areas and the cube roots of intra-oral soft tissue and
orbit volumes) have a weaker relationship with the intermediate variables of the maxilla,
the alveolar subnasal region, the medial orbit and overall facial height than these have
with the exogenous variables of orbit and nasal height, this would falsify Moss’s
Functional Matrix hypothesis particularly with regard to the impact of capsular and

periosteal matrices of the cranium in driving facial height.

3.3.4.2 The sample

For this study, linear measurements, areas and volumes were extracted from a collection
of medical CT-scans of infants from O to 6 years of age from the National Scientific and
Practical Centre of Children's Health (SCCH), Moscow (Russia), (Courtesy of Dr Evteev,
Lomonosov Moscow State University). The use of this dataset was approved by the
Independent Ethics committee at the SCCH, Moscow and by the Hull York Medical School
Ethics Committee, York. The sample used for the skeletal measurements to test the first

path (P1) comprises 227 specimens. Because of practical (all digitising to be done
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remotely via Moscow due to ethical constraints) and time limitations, a subsample of 46
specimens was used to measure soft and skeletal tissues to test the second path (P2).
The small sample was also due to the necessity to clearly recognise soft tissues, which led
to the consequential exclusion of several specimens. This resulted in a small sample for
such a complex path, and as such, the results from this second path should be viewed

with caution.

For the analyses, the sample of 227 individuals used to test the first path (P1) was divided
into age groups as follows: 0 to 1 year old (91 specimens), 1 to 2 year old (27 specimens),
2 to 3 year old (25 specimens), 3 to 4 year old (27 specimens), 4 to 5 year old (32
specimens), 5 to 6 year old (25 specimens). The sample of 46 specimens used to test the
second path (P2) includes: 17 specimens of O to 1 years old, 8 specimens of 1 to 2 years
old, 5 specimens of 2 to 3 years old, 7 specimens of 3 to 4 years old, 3 specimens of 4 to

5 years old and 6 specimens of 5 to 6 years old.

3.3.4.3 Skeletal measurements

The skeletal linear measurements were acquired by estimating the Euclidean distance

between pairs of landmarks acquired on the 3D mesh of the skulls using Avizo 9.0.

The landmarks and the measurements acquired for the study are described in Table 3.3.1.
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Linear measurements of | Definition of the landmarks used for
skeletal tissues linear measurements (Frankfort
orientation)

Nasal Height Rhinion- Subspinale (Im 1-2)

Medial Orbital Height Between the most superior and
inferior points on the lacrimal bone
(Im 3-4)

Maxillary Height Between the most superior and

inferior points on the Zygomatico-
maxillary suture (Im 5-6)

Subnasal Height Subspinale- Alveolar (Im 2-7)

Orbital Height Most superior point on upper
border of the orbit - Zygomatico-
maxillary suture at the orbital
margin (Im 8-5)

Facial Height Nasion- Alveolar (Im 9-7)

Table 3.3.1: Left: linear measurements and landmarks (Im) used to estimate them; right: picture of an

infant skull with the landmarks used to estimate the linear measurements.

3.3.4.4 Soft tissue measurements

A series of soft tissue measurements was acquired on the CT-scans. The segmentation

and measurements were undertaken using Avizo 9.0.

To measure the soft tissues, the skull was first reoriented to the Frankfort plane axially

(Figure 3.3.3) and along a symmetric midline plane vertically (Figure 3.3.4).
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Figure 3.3.3. Image showing the 3D mesh rendering of a CT-scan of an infant (soft tissues temporarily
removed) oriented along the Frankfort plane (black line). Image produced using Avizo 9.0. Courtesy of

Dr Barraclough.
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Figure 3.3.4. Image showing the 3D mesh rendering of a CT-scan of an infant (soft tissues temporarily
removed) oriented along an imaginary midsagittal vertical plane. Image produced using Avizo 9.0.

Courtesy of Dr Barraclough.
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The cross-sectional area of the globe of the eye was chosen and measured after selecting
the slice with the largest globe width and height in the axial plane (Figure 3.3.5). The
volume of the globe was then estimated using the radius. For the linear regression

analysis, the cube root of the orbital volume was used.

Figure 3.3.5. Axial view of the surface area measurement of the ocular globe. The measurement of

the radius of the ocular globe (r) was taken at the point in which the surface area is largest (red circle).
The white line of the sclera was included in the measurement. Image produced using Avizo 9.0.

Courtesy of Dr Barraclough.
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Figure 3.3.6. a. Axial view of skull showing the beginning of the formation of the mandibular lingula
when scrolling the slices supero-inferiorly; b. Axial view of the skull showing the point at which the
lingula is no more visible. c. Segmentation of the area of the masseter muscle (red area). d.

Segmentation of the area of the pterygoid muscle (red area). Image produced using Avizo 9.0.

Courtesy of Dr Barraclough.

The cross-sectional areas of the masseter and medial pterygoid were segmented and
measured in the axial plane by choosing the slice at the midpoint between the opening
and closing of the mandibular lingula (Figure 3.3.6). This region lies within the range of
distances from the zygomatic bone over which the cross-sectional area of the two

muscles is the largest and changes very little (Toro-lbacache et al., 2016).
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The cross-sectional area of the temporalis was segmented and measured along the axial
plane. The area was segmented using the slice at which the full zygomatic arch was fully

visible when scrolling the slices from the most superior to the most inferior slice in axial

view (Figure 3.3.7).

Figure 3.3.7. Axial view of the surface area measurement of the temporalis muscle. The segmentation

and subsequent measurement of the area of the temporalis muscle (red area) was taken at the point
in which the zygomatic arch was fully visible when scrolling the slices from the most superior to the

most inferior slice in axial view. Image produced by the author using Avizo 9.0.

The area of the intra-oral soft tissue capsule including the tongue, sublingual musculature

and the soft palate was segmented in sagittal view along the midsagittal line (Figure

3.3.8).
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Figure 3.3.8. The area of the intra-oral soft tissue capsule including the tongue, sublingual musculature

and the soft palate was segmented in sagittal view along the midsagittal line. Image produced using

Avizo 9.0. Courtesy of Dr Barraclough.

The breadth of the tongue was then measured between the buccal fat pads in the coronal
plane in the slice located at the angle between the mandibular body and the mandibular
ramus (Figure 3.3.9). The intra-oral soft tissue volume was approximated by multiplying

its sagittal area by the tongue breadth. For the linear regression analysis, the cube root

of the intra-oral soft tissue volume was used.
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Figure 3.3.9. The breadth of the tongue (yellow arrow) was measured between the buccal fat pads when
viewing the specimen from the coronal view, using the slice located at the angle between the mandibular

body and the mandibular ramus. Image produced by the author using Avizo 9.0.

To verify the accuracy of the soft tissue measurements, three specimens were measured
five times over five weeks. Analysis of variance (ANOVA) was performed to test if
measurement replicates were reproducible, i.e. if each replica is more similar to its
specimen mean than to the mean of other specimens. The ANOVA was therefore
performed using the 5 replicates of the 3 individuals as dependent, and the “specimen”

factor as independent. The ANOVA showed a significant difference across specimens (Df:
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1, F: 55.134, p-value: 0.001**) but not among replicates, indicating that the

measurement replicates are consistent with the specimen mean.

3.3.4.5 Statistical analyses

The extent to which the hypothesised paths are supported by data was assessed by
standardised multiple regression analysis, testing the interactions indicated by the arrows

in the model.

A series of standardised multiple regressions were performed, as structured in the path
and sub-paths, each time considering the effect of one or multiple independent variables
on a dependent one. Each standardised multiple regression returned a series of beta
coefficients (B), indicating the strength of each regression once the other independent
variables, affecting the same component, are taken into account. For each regression, R?
indicates the proportion of the variance of the dependent variable accounted for by the

regression.

As an example, in P1 (Figure 3.3.1), maxillary height is hypothesised to be a dependent
variable, affected by the exogenous independent variables of the nasal and orbital
heights (therefore this regression will have one dependent and two co-independent
variables). Maxillary height is also hypothesised to be an independent variable, affecting
the dependent variable of the subnasal height, together with nasal height (therefore this

regression will also have one dependent and two co-independent variables).

When analysing the sub-path of P1 that leads from the nasal cavity to the facial height by
passing through the medial orbital height, this sub-path hypothesises that medial orbital
height acts, first, as a dependent variable, influenced by nasal and orbital height. Then,
moving along the same sub-path, medial orbital height, together with other variables, is

hypothesised as independent, acting on overall facial height (Figure 3.3.1).

Finally, note that if, in a path, all tested associations are significant, by looking at the beta

coefficients, it is possible to determine the relative strengths of different sub-paths.
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For the first path (P1), the results were obtained by re-running the same path analysis
after dividing the sample into age groups: from0Oto1,1to2,2t0o3,3to4,4t05,5t06
and finally O to 6 (entire sample). In this way, it was possible to assess changes in the
strengths and directions of the interactions among variables at different stages of
development. For the second path (P2, Figure 3.3.2), due to sample size, a single analysis

pooling all individuals from O to 6 years old was performed.

3.3.5 Results

3.3.5.1 Skeletal measurements

Figure 3.3.10 (A to G) represents the results for the first path (P1), which hypothesises a
cascade of influence of different skeletal variables on overall vertical growth and
development of the facial skeleton. The analysis was performed after dividing the sample
into age categories:from0to1,1to2,2to03,3to4,4to5and5to 6 years old and finally
on the entire sample 0 to 6. This, in order to discover and analyse in detail any changes

in the proportional contribution of each variable to the path during ontogeny.

In discussing these results, recall that the beta coefficients indicate the expected change
in the dependent variable when there is a one-unit change in that particular independent
variable while holding all the other independent variables constant (Allen, 1997). Thus, in
describing the results, when the influence or contribution of the independent with
respect to the dependent variable is referred to, it is in the sense of the extent to which
we expect the dependent to change in response to a one-unit change in the independent.
Additionally, the proportion of the total variance of each dependent variable explained

by the independent ones in the path leading to it is assessed by computing the R?.

The results of the path diagram from 0 to 1 years old (Figure 3.3.10: A) show that, in the
first year of life, all the variables make a significant contribution to facial height, with the
exception of medial orbital height (non-significant relation). In turn, medial orbital height

is influenced by orbital height (B= 0.59***) but not by nasal height (non-significant
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relation). Nasal height and orbital height directly interact to similar degrees with facial
height (B=0.24*** and B=0.21***, respectively). Maxillary height is more dependent on
orbital (B = 0.48***) than nasal height (B= 0.29*), with half of its variance explained by
these two variables (R?= 0.53). Maxillary height then has a significant influence on
subnasal height (B= 0.40**) but the proportion of the total variance of subnasal height

explained by its interaction with maxillary height is low (R?=0.22).

The direct contribution to facial height of orbital height (B= 0.21***) together with nasal
height (B= 0.24***), maxillary height (B= 0.13**) and subnasal height, which makes a
significant and strong contribution (B= 0.59***), explains 94% (R?= 0.94) of the total

variance in facial height.

The strongest and most significant influences are found in the sub-path that lead from
orbital height to maxillary height, from that to subnasal heights, and from subnasal height
to facial height. While both nasal and orbital heights directly and indirectly contribute to
facial height, the indirect effect of orbital height is stronger in path A, while their direct

effect is comparable.
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Figure 3.3.10 (below). Results of the path analysis with the skeletal variables used to test Hypothesis 1.
The numbers next to the arrows represent the beta coefficients (B), the stars indicate the significance of
each standardised multiple regression: *< 0.05, **< 0.01, ***< 0.001, ns= non-significant regression. The
R? values indicate the proportion of the total variance of the dependent variable that is explained by the
independent variables of each multiple regression. Path analyses - A: infants from O to 1 years; B: infants
from 1 to 2 years; C: infants from 2 to 3 years; D infants from 3 to 4 years; E infants from 4 to 5 years; F:

infants from 5 to 6 years; G: all infants from 0 to 6 years.
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1to 2 years B.

Nasal Height

R?0.48
Medial Orbital Height

ns
0'27***

R20.12 R20.12
. . 0.48* , 0.71*** I Facial Heigh
Maxillary Height | %% | subnasal Height | ——— acial Height
. R20.91
0.75*** ns ns
0.44% %%

Orbital Height

The second analysis (Figure 3.3.10: B), assesses the same hypothesised interactions
among facial elements, but in infants from 1 to 2 years old. In this, nearly all of the
significant beta coefficients in the previous model (Figure 10: A) become larger. However,
maxillary height is now only influenced by nasal height (B= 0.45*) and not by orbital
height (this has become non-significant). In addition, maxillary height no longer
contributes directly to overall facial height (non-significant), but does so through its

influence on subnasal height (B= 0.48%).

Thus, after the first year of life, as the growth and development of the orbital region slow,
orbital height no longer contributes to maxillary height while nasal height continues to
influence maxillary height. However, the R? of this regression, i.e the variance in maxillary
height explained by nasal height, is low (R?= 0.12). This is also true for the impact of
maxillary height on subnasal height (R?= 0.12). This suggests that other elements not
present in the path likely impact subnasal height which, in this age range, has an even
stronger standardised partial regression with facial height (B= 0.74***). Overall these
paths continue to explain a very high proportion of the total variance in facial height (R*=
0.91), albeit with a different balance of direct and indirect influences of independent

variables.

The third analysis (Figure 3.3.10: C) assesses the same hypothesised interactions in the

age range from 2 to 3 years old. Interestingly, none of the indirect beta coefficients is
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significant, while the direct effects of the independent variables on facial height remain
significant (except for maxillary height, which was already non-significant in path B), if
slightly reduced in magnitude. It is as if, at this stage, there is a lack of integration among
facial elements, which do not interact and do not influence the other variables in the
path. Despite this apparent difference from earlier stages in development, the direct
interactions still account for a large proportion of the total variance in facial height (R?=

0.80).

2 to 3 years C.
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The fourth analysis (Figure 3.3.10: D) explores the interactions among facial elements
from 3 to 4 years. Only subnasal height has a significant influence on facial height (B=
0.94***). The proportion of the total variance in facial height explained by this
relationship is large (R*= 0.82). Uniquely, in this age range, orbital height has a weak,
negative relationship with maxillary height (B= -0.37*), explaining a small proportion of

its total variance (R*=0.17).
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From 4 to 5 years (Figure 3.3.10: E), facial height is only affected directly by nasal and
subnasal heights (B =0.28** and 0.77***, respectively), which explain a high proportion
of its total variance (R*= 0.85). Nasal height also affects maxillary height (B =0.53**),
although it accounts for a small proportion of its total variance (R?= 0.23). Likewise, orbital
height has a significant influence on medial orbital height (= 0.37*), but explains a small
proportion of its total variance (R?= 0.18). The other variables behave independently and

do not interact with each other.

4 to 5 years E.

Nasal Height
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From 5-6 years (Figure 3.3.10: F) the influence of nasal height and subnasal height on
facial height remains similar to the previous year group (B= 0.15* and 0.77**%*,
respectively). However, now both orbital height and maxillary height contribute directly
to influence facial height (B= 0.47*** and B= 0.21** respectively). Nasal height also
manifests a new and negative relationship with medial orbital height. Overall the direct
effects (in ascending order) of nasal, maxillary, orbital and subnasal heights account for a

very high proportion of the total variance in facial height (R?= 0.93) in this age group.

5to 6 years F.

-0.40* R20.32
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Nasal Height * | Medial Orbital Height
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Finally, the path is evaluated for the whole sample, from O to 6 years old (Figure 10, G).
Facial height is almost completely explained by the effects of all the variables (R?= 0.96).
Nasal height and subnasal height make the strongest and most significant direct
contributions to facial height (B= 0.44*** and 0.46***, respectively) while orbital height
makes minor direct and indirect contributions. A substantial proportion of the total
variance in medial orbital height (R?= 0.62) and maxillary height (R?= 0.70) is explained by
other variables in the path while only 30% of the variance in subnasal height is explained
by its relation with the independent variables. This indicates that other variables not
included in the path have an important role in the development of subnasal height and,

through this, on facial height.
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0to 6 years G.
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These results indicate that the relationships among facial elements are not constant
during the first few years of postnatal life. Orbital height seems to have a significant role
in affecting the growth and development of other facial elements and of overall facial
height in the early stages, while nasal height and subnasal height progressively become
more dominant in influencing facial height later on and are dominant when analysing the

whole sample.

3.3.5.2 Soft and skeletal measurements

The results of the second path analysis (P2) are presented in Figure 3.3.11.

The full set of interactions assessed in this path (P2) are diagrammed in Figure 3.3.2 but
in Figure 3.3.11, to avoid an overly complex diagram, the non-significant relations are

represented by light-grey arrows.

In this path (P2, Figure 3.3.11), nasal height and subnasal height have the strongest and
most significant influence on facial height (= 0.32*** and 0.38*** respectively), while

orbital height plays a smaller but significant role (B= 0.23***).

Nasal height does not affect any other variable in the path and so it does not impact on
facial height indirectly. This is also the case for orbital height, while it has a significant and
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strong impact on medial orbital height (B= 0.76***, R?= 0.67), the latter, as already seen
in most of the analyses of path P1, has no impact on overall facial growth and

development.

Maxillary height plays a significant indirect role in influencing facial height variance via its
relationship with subnasal height but it has no significant direct influence on facial height.
This is similar to the result observed when analysing all the specimens together in Figure
3.3.10 path G, in which maxillary height has only a small direct influence on facial height

(B=0.05*) and mainly acts through subnasal height.

When analysing the soft tissue components, not surprisingly, orbital height covaries with
the cube root of the volume of the globe (double arrow, indicating an association rather
than dependency of one variable on another, Figure 3.3.11, = 0.54***), however, unlike
orbital height, the globe volume has no direct impact on facial height. The (cube root of
the) volume of the intra-oral soft tissues influences maxillary height and subnasal height
(B= 0.10**). The proportion of total variance in maxillary height explained by intraoral
soft tissue volume is substantial (R?= 0.71) despite the low B. The intraoral soft tissue
volume together with the masseter area, a surrogate for maximum masseteric force, and
maxillary height explain a substantial proportion of the total variance in subnasal height

(R?=0.73).

Masseter area significantly affects subnasal height (=0.30*) but not that of the maxilla
(non-significant). The area of the temporalis muscle (a surrogate for its force) has no

significant relationship with any of the variables in the path.
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Figure 3.3.11. Result of the path analysis using skeletal and soft tissue variables (P2) to test Hypothesis
2 from 0 to 6 years old. The numbers next to the arrows represent the beta coefficients (B), the stars
indicate the significance of each regression (p-value): *< 0.05, **< 0.01, ***< 0.001). The R? values
indicate the proportion of the total variance of the dependent variable is explained by the independent

variables of each multiple regression. The light-grey arrows represent non-significant relations.
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In summary, there is a significant impact of the development of the intra-oral soft tissues
on the maxilla and subnasal region in the first 6 years, the latter being also affected by
the development of the masseter area as well as the maxillary height. However, it is clear
that the strongest and most significant relations lie among the skeletal elements and that
facial height is influenced by nasal, subnasal and orbital heights. Interestingly, when the
soft tissue elements are inserted in the diagram, nasal height no longer manifests a
significant partial regression with the maxillary and subnasal heights and it comes to act
only independently and directly in shaping the facial height. The temporalis muscle area
does not affect any facial region. The cube root of the volume of the globe, as one might
expect, covaries with the vertical height of the orbit but has no other significant relation

with the variables in the path.
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It has to be mentioned that, although not present in this thesis, an alternative version of
Path 2, excluding orbit height, was originally modelled. The aim was to analyse a more
direct comparison of the relative contribution of growth of the nasal septum and
functional matrices to overall facial height. Results, however, were similar to those

presented in Path 2, therefore are not included in this piece of work.

3.3.6 Discussion and Conclusions

This chapter examined the interactions among facial elements during growth and
development in infants from O to 6 years. The aim of this study was to determine the
relative contributions of skeletal and soft tissue variables to facial height growth and
development during infancy. Thus, the study tests alternative hypotheses relating to the
drivers of facial vertical growth (facial height) by comparing the effects of growth of the
nasal septum (represented by nasal height) with those of soft tissue growth. First, a path
diagram was designed to assess the interactions of skeletal variables with each other and
their effects on facial height. In this path (P1), the nasal septum (nasal height) and orbital
height were hypothesised to be exogenous variables, acting on the intermediate variables
of maxillary height, subnasal height and medial orbital height. All the variables were then
hypothesised to contribute to facial growth. The design of this path is based on the
literature on facial growth and development that was reviewed in the introduction
(Sections 3.3.1, 3.3.2). The path diagram P1 allowed assessment of the relative
contributions of each of these skeletal facial components to facial height and of the

relations among them.

Hypothesis 1 stated that the interactions within the sub-path leading from nasal height to
facial vertical height are stronger than those in the sub-path leading from orbital height

to facial height in all age groups.

The results show that the associations between facial components are not constant

throughout ontogeny and that the most significant interactions vary over time. In the first
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year of life (yO to y1), both orbital and nasal heights contribute significantly to the overall
facial height as well as to that of the adjacent maxilla. All the intermediate variables also
make a significant contribution. However, the strongest sub-path is the one leading from
the orbit, through the maxilla and subnasal region, to overall facial height suggesting the

influence of the orbit is dominant in the first year of life.

These relationships rapidly change starting from the second path (path B: y1 to y2, Figure
3.3.10). In this, the orbit still significantly contributes to facial height but has no

interaction with the midface (maxillary and subnasal heights).

FromOto1and1to 2 yearsold, subnasal height is the variable with the most significant
influence on facial height. In turn, subnasal height is not significantly influenced by nasal

height but is influenced by maxillary height.

Path C (2-3 years, Figure 3.3.10) suggests a phase of decreased integration, or increased
modularity, in which nasal, orbital and subnasal heights all contribute to facial height but
do not interact with any other elements in the path. This modularity phase becomes
extreme in path D (3-4 years, Figure 3.3.10), in which only subnasal height strongly
influences facial height. Between 4 and 6 years, nasal height (path E, 4-5 years, Figure
3.3.10), and orbital height (path F, 5-6 years, Figure 3.3.10), contribute to facial height,
together with subnasal height. Initially, in this age range, nasal height contributes
significantly to maxillary height but later this interaction is lost. Finally, considering
interactions over the entire sample (path G, 0-6 years, Figure 3.3.10), it is evident that
nasal and subnasal heights make the largest and most significant contributions to facial
height, with orbital height contributing less strongly. Indeed, subnasal height is a very

important contributor to facial height in all the tested paths (Figure 3.3.10, paths A to F).

Overall, interactions among variables change over time with nasal and subnasal heights

showing the greatest and most consistent interactions with facial height.

This finding supports prior studies that the nasal septum has a significant influence on
prenatal and early postnatal human midfacial growth (Pirinen, 1995; Wong et al., 2010;
Al Dayeh et al., 2013; Hall and Precious, 2013). Results of the path analyses in Figure
3.3.10 are consistent with the nasal septal traction model, which emphasises the
morphogenetic capacity of the nasal septum and considers the midface, including the
premaxilla, as responsive to developmentally induced forces placed on the facial skeleton
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(e.g. along the premaxillary suture) by septal expansion (Latham, 1970; Siegel and Sadler,
1981; Holton et al., 2010). However, in this study, our results indicate that the height of
the peri-alveolar region (subnasal height) is influenced intermittently by the nasal
septum, as well as by the height of the maxilla. In addition, dominance of the subnasal
height in influencing facial height during the 2" to 4™ years of life could reflect the
development of the upper anterior dentition, which becomes fully functional around the

3rd year of life (Dean and Turner, 2016).

Orbital height also has significant, but progressively less strong interactions with facial
height and the other variables. This finding is in line with prior literature on orbital growth
that found in infants that the most rapid and significant growth in orbital height occurs in
the first year of life (Evteev et al., 2018). Therefore, from the results in Figure 3.3.10, it is
evident that the orbit does not make as important a contribution to facial height as nasal
height and, despite the balance among these changing from the youngest to the oldest
age groups, overall nasal height has a larger impact on facial height and the intermediate

and final variables over time.

Therefore, while skeletal interactions change over time, the strong and significant
relationship of nasal height with variables describing adjacent structures and with facial
height does not falsify the null hypothesis. Our results evidence an important but variable
contribution of the nasal septum to the determination of facial height, therefore

Hypothesis 1 is not falsified.

Hypothesis 2 examined the influences of both soft and skeletal tissues during facial
ontogeny. It states that the interactions within the sub-paths leading from the soft tissue
elements to facial height are greater than those in the sub-paths leading either from

orbital or nasal height to facial height.

For this hypothesis, a path was designed that included the significant parts of the skeletal
paths tested in Hypothesis 1 and variables reflecting the functional matrices of the intra-
oral soft tissue, globe, and facial muscles, as defined by Moss (Moss, 1968; Moss et al.,
1968). In testing this hypothesis, the aim was to determine if the soft tissue matrices have
a stronger influence on the surrounding skeletal elements and on facial height than the
skeletal measurements. Since data acquisition was limited to a smaller sample of 46

184



specimens, the path was assessed for the entire sample, ranging from O to 6 years rather

than age subsamples.

Results show that the interactions of skeletal elements with each other and facial height
do not change particularly when the soft tissue variables are included (Figure 3.3.11).
Indeed, among the skeletal components, as already noted in the path in Figure 3.3.10,
nasal and subnasal height most affect facial height, with orbital height playing a smaller
but significant role. Maxillary height influences subnasal height, and this is the only
significant relationship among the skeletal measurements that do not directly involve the
facial height. In fact, nasal and orbital heights only significantly influence facial height and
have no impact on intermediate variables, indicating that the skeletal components act
more independently when the soft tissue variables are included in the path (compare

with Figure 3.3.10 G).

Furthermore, the results show that there is no significant direct interaction of the soft
tissues with facial height, rather they act more locally, particularly on the maxillary and
subnasal regions. This is an important result, indicating that the growth of the masseter
and of intra-oral soft tissues, rather than the nasal septum (represented by nasal height)
affects the growth and development of the subnasal region. Thus, the growth and
development of intra-oral soft tissues seem to affect the development of the skeletal
maxilla (height) and, together with the masseter, a muscle whose actions are strictly
related to mastication, these interact with subnasal height and through that, impact facial

height.

These results find support in a recent study that measured the correlation between the
pharyngeal airway volume and the position and orientation of the lower jaw. Indeed, the
authors found that changes in the pharyngeal volume did not have an impact on overall
facial proportions and vertical height (Grauer et al.,, 2009), thus supporting the
interpretation that soft tissues act more locally than globally in facial growth and

development.

To summarise, while the current study recognises a bigger importance of the intra-oral
and masseter capsules on subnasal growth than the role played by the nasal septum, it is
clear from the results in Figure 3.3.10 and Figure 3.3.11 that the latter plays a central role

in facial development. In addition, other skeletal elements such as the growth of the
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maxilla (maxillary height) influence subnasal growth, underlying the importance of the
skeletal component in acting locally in concomitance with soft tissues. These results are
partially in line with the findings from Mooney et al., (1989), which compared the action
of the skeletal elements and that of the capsular and periosteal matrices on facial growth
in foetuses. Their findings support a larger contribution (stronger interactions) of the
skeletal elements to the growth and development of the premaxilla and face when

compared to the action of the orbicularis oris muscle and other facial functional matrices.

In conclusion, the null Hypothesis 2 of stronger influence of soft tissues (operating
through capsular and periosteal matrices) than skeletal elements on facial height is

falsified.

Path analysis is a method that has been used previously to explore the relationships
among skull components (Mooney et al., 1989; Holton et al., 2008). In this study, it was
adopted to investigate the relationships between skeletal and soft tissue components in
infants ranging from 0O to 6 years old. The results indicate the presence of a hierarchy of
interactions as well as differences in the strengths and directions of relationships among
facial elements over time. The findings of this study are that overall facial height is
strongly influenced by nasal height, a proxy for the nasal septum, but earlier in ontogeny,
orbital height is more important. Subnasal height is also very important but is more
dependent on tongue volume and masseteric force, both acting directly and through
maxillary height. These findings lend support to Scott’s Nasal Septum theory (Scott, 1954;
1962) but also find evidence that functional matrices involving soft tissues are important.
There is evidence that both the nasal septum and the functional matrices operate to
influence facial growth and that the balance of influences among factors impacting facial

height varies throughout postnatal facial growth.
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3.4 The facial ontogeny of H. neanderthalensis and H. sapiens

3.4.1 Ontogenetic trajectories in Neanderthals and modern humans

This chapter compares the trajectories of growth and development of the facial complex
in H. neanderthalensis and H. sapiens and the patterns of covariation among facial

elements during ontogeny in the two species.

The differences in growth and development between these two species have been
investigated in several studies (Ponce de Leon and Zollikofer, 2001; Ponce de Leon et al.,
2008; Gunz et al., 2010; Zollikofer and Ponce de Leon, 2010). Neanderthal adult
autapomorphies are well-known and genetic and morphological data define this species
as possessing a unique suite of characters with respect to H. sapiens (Franciscus, 1999;
Trinkaus et al., 2006). However, how and when during ontogeny the morphological
differences between H. sapiens and Neanderthals arise is still largely debated (Bastir et
al., 2007). Acommon view is that some, if not most, aspects of their adult differences are
established prenatally (Ponce de Leon and Zollikofer, 2001). Nonetheless, there is debate
about whether or not these differences are simply carried into adulthood unchanged
along parallel ontogenetic trajectories, with a shift in the timing of growth. This would
result in an extension of allometry in Neanderthals relative to modern humans (Ponce de
Leon and Zollikofer, 2001; Rozzi and De Castro 2004; Smith et al., 2007; Gunz et al., 2010;
Tallman, 2016), meaning that H. sapiens and Neanderthals share the same spatio-
temporal pattern of growth and development among cranial components, with the latter
being simply “overgrown” (hypermorphic) with respect to modern humans. Thus,
differences in these two species would be established in the prenatal and early postnatal
period and postnatal growth (changes in size) would change the shape of these two
species in the same way (similar allometric development). Ponce de Leon and Zollikofer
(2001) interpreted their findings from a geometric morphometric principal component
analysis as showing that Neanderthals and H. sapiens have parallel ontogenetic
trajectories. Likewise, using Euclidean distance matrices, Ackermann and Krovitz (2002)
found that cranial ontogenetic trajectories are not only common between Neanderthals

and H. sapiens but are also shared with Australopithecus africanus.
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However, other studies have found that differences between H. neanderthalensis and H.
sapiens not only exist in early postnatal stages, but that these differences are accentuated
during ontogeny through divergence in growth and developmental trajectories. Bastir et
al. (2007), using geometric morphometric regression and principal component analyses,
found significant divergence of 44 degrees in the trajectories of growth and development
of the mandible of H. sapiens and Neanderthals. These results, although needing further
confirmation, suggest that postnatal, as much as prenatal transformations, are
responsible for differences between these two species. Another geometric
morphometric study compared neurocranial ontogeny in the two species (Gunz et al.,
2010) and observed that prenatal differences are accentuated after birth and that, in
general, the cranium of Neanderthals appears hypermorphic compared to modern
humans, although these differences are not tested in the paper. In addition, observed
differences in the patterns of resorption and deposition of bone tissue on the face of
Neanderthals and modern humans (Lacruz et al.,, 2015) suggest differences in their
growth trajectories. Furthermore, preliminary histological analysis suggests that
differences in bone remodelling exist between H. sapiens and H. heidelbergensis,
currently considered as an ancestor of H. neanderthalensis (Rosas and Martinez-Maza,
2010). Other studies on tooth eruption patterns showed that Neanderthals do not simply
have a more prolonged growth, but they might have a more rapid eruption pattern,
potentially accompanied by more rapid size and shape changes in the cranium when

compared to H. sapiens of similar age (Smith et al., 2007).

The different conclusions arising from these studies may be attributable in part to
methodological differences and inadequacies but whatever the reason, the question of
whether or not the mid and upper faces of Neanderthals and modern humans share a
common postnatal pattern of ontogeny remains open. Similarities and differences in the
ontogeny of the facial complex have not been assessed in detail. Despite the large body
of literature describing morphological differences between adult individuals of the two
species (Rak, 1986; Franciscus, 2002; Stringer, 2002; Weaver et al.,, 2007), we have

incomplete knowledge of how they arise.
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3.4.2 Covariation patterns in Neanderthal and modern humans

It is known that there are common aspects of covariation and integration of the skull
among mammalian species during evolution (Mitteroecker and Bookstein, 2008).
However, closely related species have been shown to differ significantly in aspects of
cranial covariation and integration (de Oliveira et al., 2009), indicating that covariation
patterns have diverged over time (Ackermann, 2009). Thus, differentiation of specific
morphologies can arise through changes in trajectories of morphological variation over
time, possibly underlying changes in patterns of interaction among developing facial
components. Considering all the synapomorphies present in Neanderthals, and their
differences in facial architecture when compared to modern humans, this adds to the
question of whether these two species share similar trajectories of growth and
development, or if they share covariation patterns among facial regions during postnatal

ontogeny.

To address those questions, this chapter applies Partial Least Squares (PLS) analysis to
compare patterns of covariation among skeletal elements of the facial complex of
Neanderthals and modern humans. Such comparisons have previously been performed
in adult hominoids (Bastir et al., 2005; Klingenberg, 2008; Mitteroecker and Bookstein,
2008; Ackermann, 2009; Singh et al., 2012; Profico et al., 2017). In general, findings
indicate that patterns of covariation are similar among human and non-human primates.
This suggests that, despite having different morphologies, the patterns of modularity and
integration of the facial complex are conserved among hominoids. However, the lack of
large ontogenetic (and non-ontogenetic) fossil hominin datasets makes it difficult to
extend these studies to extinct hominin species. Only for Neanderthals such study is
possible, but even then the subadult sample is limited in terms of the total number of
finds and accessibility to researchers. Although the sample size of Neanderthals available
for this study is small, it is sufficient to begin assessing differences and similarities in

covariation patterns among facial regions during growth and development.

The hypothesised modules of this research chapter are based on prior studies and the
analyses of Section 3.2, which examined covariation in the internal and external facial
regions of younger and older subadults and adults of modern humans. The following
facial sub-regions were identified in modern humans: the orbits, the maxillae, the palate
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and the nasal cavity. These were chosen based on differences in development and
function and because of prior testing of their modular nature (see Section 3.2, Villmoare
etal., 2014). As evident from Section 3.3, it is not possible to readily infer cause and effect
among covarying facial elements. However, it is possible to determine the extent to which
each grows independently and, if there is integration, to assess the nature (anatomical

variation) of this interaction.

Although the current section does not analyse age groups separately because of the
paucity of sampling in Neanderthals, the aim of this section is to test hypothesised facial
modularity in Neanderthals and compare the findings with modern humans. This will
allow and assessment, albeit limited by available fossils and their quality of preservation,
of the extent to which Neanderthals and modern humans share similar patterns of
covariation among cranial regions (Ackermann, 2002). Indeed, even though the
significance of the covariation is not directly comparable between the two species due to
difference in sample sizes, it is possible to assess broadly the degree of difference in
ontogenetic covariation, i.e. if the regions that show the strongest covariation in modern

humans are the same in Neanderthals.

3.4.3 The hypotheses

The foregoing review has identified two areas where our knowledge about the
differences in growth and development between Neanderthals and Homo sapiens is
incomplete. The first concerns the extent to which differences in adult form arise
prenatally and are carried into adulthood with relative extension (hypermorphosis in
Neanderthals) or curtailing (hypomorphosis in modern humans) of a common
ontogenetic trajectory of size and shape changes. The second relates to the extent to
which ontogenetic interactions are shared betwewn the two species. These issues are

addressed in this chapter by testing the following hypotheses.

Hypothesis 1. Neanderthals and modern humans exhibit no significant difference in their

facial ontogenetic trajectories.
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If this hypothesis is not falsified, this would indicate that postnatal changes in craniofacial
form do not differ significantly in nature (mode of variation) between Neanderthals and
modern humans; that postnatal ontogenetic modifications in shape and size are not
different (parallel trajectories) between these two species. If it is falsified, this would

indicate the opposite: that postnatal ontogenetic trajectories are divergent.

Hypothesis 2. During postnatal ontogeny, Neanderthals and modern humans show no

differences in the ways in which facial components covary.

If this hypothesis cannot be falsified, it would imply that despite clear differences in their
adult morphologies, the ways in which the orbits, palate, nasal cavity and maxilla interact

during development do not differ in the two species.

3.4.4 Material and methods

3.4.4.1 The sample

The sample used for this study includes an ontogenetic series of CT-scans of modern
humans (68 specimens) and an ontogenetic series of 3D meshes reconstructed from CT-
scans or photogrammetry of Neanderthals (12 specimens of which 4 are younger
subadults, 1 older subadult, and 7 adults). Table S2 of Supplementary material shows the

list of the Neanderthal specimens used for the study.

3.4.4.2 The dataset

A configuration of 43 landmarks (a subset of the landmarks defined for the studies of 3.1

and 3.2 and listed in Table S4 of Supplementary Material) was defined as in Figure 3.4.1.

Missing landmarks were estimated by Thin Plate Splines (Bookstein, 1989) by warping the
10 closest individuals to the deficient configurations and then calculating a weighted

average estimate based on the Procrustes distance. This approach was used because it
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was shown to be the most reliable method in estimating missing landmarks in humans
(see Chapter 2, Section 2.0.4.4). Data estimation has been performed in R studio by using
the function “fixLMtps” in the R package “Morpho” (Schlager, 2017). The missing
landmarks were estimated using only Neanderthal specimens as this thesis (see Chapter

2 Section 2.0.4.4) and prior studies have shown that using a conspecific sample gives a
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more accurate estimation of missing landmarks than a mixed sample (Neeser et al.,

2009).

Figure 3.4.1. Set of 43 landmarks used in this study to compare H. sapiens and H.neanderthalensis. Top:

juvenile H. sapiens, bottom: adult H. neanderthalensis.
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3.4.4.3 Statistical analyses

A series of multivariate analyses were performed to test the two hypotheses.

Hypothesis 1. Neanderthals and modern humans exhibit no significant difference in their

facial ontogenetic trajectories.

To test Hypothesis 1, a principal component analysis (PCA) was performed to explore
morphological variation within and among the two species (after common GPA). The PCA
was performed both in shape and form (shape +Ln CSize) spaces (Mitteroecker et al.,
2004). Differences were visualised by warping the mean surface mesh along the first and
second principal components for the shape PCA (form PCA warpings are not shown as
very similar to shape PCA with only differences in absolute size). Subsequently, for each
species, a multivariate regression of facial shape on size was performed. The regression
vectors for the two species were extracted and the angle between them was computed.
Its significance was assessed using permutation test, in which species membership was
randomly permuted and the angle recalculated. One thousand permutations were
carried out and the estimated angle between the species was compared with the

distribution of permuted angles to assess its significance.

The divergence in ontogenetic trajectories calculated from multivariate regressions was
visualised by first performing a GPA combining the predicted adult and infant mean
shapes from both species, and then calculating the ontogenetic trajectories as the
differences between mean adult and infant coordinates. To ease visualisation, these were
then added to a common mean infant. This does not affect the distances among, or PCAs
of, the means. A PCA was performed on the resulting shapes to directly compare

ontogenetic trajectories and visualise the differences between them.

To visualise expansions and contractions of facial regions between regression estimates
of a mean infant and a mean adult forms of the two species, two meshes (infant and
adult) were generated by warping the mean mesh to the extremes of the sample
distribution on the regression vector. As explained in Section 3.1, the changes in the
warped meshes were colour coded to represent differences in the area of each triangle
of the mesh between the warped adult and the warped infant crania, mapping regions of

expansion and contraction. The warpings were performed using the EVAN Toolbox 1.72

194



and the colour maps were calculated using the function “localmeshdiff” of the R package

“Arothron” (Profico et al., 2015).

Hypothesis 2. During postnatal ontogeny, Neanderthals and modern humans show no

differences in the ways in which facial components covary.

To test this, two-block PLS analyses were performed, computing and extracting the
eigenvectors of the covariance among pairs of anatomical regions (blocks; see Section
3.1.7.2.3 in Chapter 2 for a full explanation). To look into shape covariation, a full GPA
was performed. Form covariation was not taken into account because, during ontogeny,
size changes simply overwhelm other changes, obscuring subtle distinctions in

covariation patterns due to shape interactions.

The GPA for the PLS analysis was performed separately for each block (region). Figure
3.4.2 shows the anatomical regions considered for the analysis and the landmarks that
constitute each block. Only one side of the cranium was considered for this analysis to

minimise use of estimated landmarks for the analyses involving Neanderthals.

For each PLS analysis, the percentage of total covariance among the blocks explained by
the first pair of singular axes (also commonly termed ‘PLS axes’) was calculated in order
to assess how well they explain the total covariance. The correlation coefficients between
blocks were calculated for PLS1 scores and their p-values were estimated using
permutation test between pairs of blocks. For each block, the proportion of its total

variance explained by the first PLS axis was estimated (Cardini, 2019).

The analyses were first performed on the entire sample of modern humans, then on the

full sample of Neanderthals, and the results were compared.
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Figure 3.4.2. Different colours indicate the different landmarks used to build the facial modules for the PLS

analysis (modern human juvenile cranium in picture).
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3.4.5 Results

Hypothesis 1 states that Neanderthals and modern humans exhibit no significant

difference in their facial ontogenetic trajectories.

To test this hypothesis PCAs of the ontogenetic series were performed in shape and form
spaces, to observe general trends. The principal component analysis in Figure 3.4.3 shows
the ontogenetic samples of modern humans and Neanderthals plotted on the first and
second principal components of shape. From the earliest stages, Neanderthal and human
faces differ on PC2. The faces drawn to the left of the PC plot show the differences in
shape represented by PC2, produced by warping the mean shape landmark configuration
to the extremes of PC2 scores (0.15 for the upper warping and -0.05 for the lower
warping). A Neanderthal adult surface mesh is warped to fit the resulting landmark
configurations, to ease visualisation. The major differences are found in the shapes of the
orbits, with Neanderthals having a more horizontal upper orbital border, relatively bigger
and wider nasal aperture and bridge, a more prominent midface showing a relatively
wider, taller and more “inflated” zygomatico-maxillary complex. When looking at the
directions of the ontogenetic trajectories of the PCA plot, it appears that these
differences are present at all stages of postnatal ontogeny, and that the two species show
approximately parallel ontogenetic trajectories. However, the PCA accounts for only 54%

of the total variance.

The PCA performed in the form space (Figure 3.4.4), when compared to that performed
in the shape space, shows a very similar distribution of the specimens along the first two
principal components, with PC1 representing aspects of allometry. Warpings for this PCA
reflect similar morphological differences to those found for the PCA of shape and,

therefore, are not shown.

The PCAs of both shape and form (Figure 3.4.3 and 3.4.4) show that Neanderthal
newborns (Meizmaskaya and Pech de I’Aze) are displaced along PC1 toward lower PC1
scores compared to newborn modern humans. This is also true for the Neanderthal adult
specimens, which are displaced toward lower PC1 scores if compared to adult H. sapiens.
Since PC1 represents aspects of allometry in both analyses, this indicates that
Neanderthals, newborns and adults are hypermorphic in these respects, relative to

modern humans, because they are scaled up allometrically relative to equivalently aged
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modern humans. This finding is consistent with several previous studies (Krovitz, 2003;

Ponce de Leon and Zollikofer, 2001; Smith et al., 2007; Ponce de Leon et al., 2008; Gunz

et al., 2010; Zollikofer and Ponce de Leon, 2010).

@ Younger subadults
@ Older subadults
@ Adults

I Neanderthals
© Modern humans

Laf
o Scp2 Gibr
o

Amud1

Laquin 7-8y

RocdeM 3-4y

0.05
1

Scpl

PC2 8%

' @3]
¥,
Q.
0,0

%
®
@

Lemous2 Om

@' Meizm 0-2m

®o
o

-0.2 -0.1 0.0

PC146%

0.2

Figure 3.4.3. Principal component analysis of facial shape in the ontogenetic samples of H. sapiens

and H. neanderthalensis. The Neanderthal sample is bounded by a light blue line. Laf= La Ferassie,

Gibr= Gibraltarl, Pech= Pech De I'Aze, Lemous2= Le Moustier 2, Meizm= Meizmaskaya, Gua=

Guattaril, Scp1= Saccopastore 1, Lac= La Chapelle, Amudl= Amud 1, Scp2= Saccopastore 2, La quin=

La Quina, RocdeM= Roc de Marsal. The ages shown alongside each subadult Neanderthal are

estimates from the literature, in years (y) and months (m).
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Figure 3.4.4. Principal component analysis of facial form in the ontogenetic samples of H. sapiens and
H. neanderthalensis. The Neanderthal sample is bounded by a light blue line. Laf= La Ferassie, Gibr=
Gibraltarl, Pech=Pech De 'Aze, Lemous2= Le Moustier 2, Meizm= Meizmaskaya, Gua= Guattaril, Scpl=
Saccopastore 1, Lac= La Chapelle, Amud1= Amud 1, Scp2= Saccopastore 2, La quin= La Quina, RocdeM=
Roc de Marsal. The ages shown alongside each subadult Neanderthal are estimates from the literature,

in years (y) and months (m).

In the PCA of Figure 3.4.3, PC1 seem to represent allometry, but this view is likely
incomplete because principal components are not specifically constructed to assess
shape covariance with size and both species are included in the PCA. In order to fully
account for allometry, multivariate regression of facial shape on size was performed in H.
sapiens and H. neanderthalensis. In both cases, about 45 % of the total shape variance
was explained by allometry (Neanderthals= 45.37%, p-value: < 0.001; modern humans
45.61, p-value: < 0.001). Allometry was visualised in each species by warping the mean
shape and its mesh to the mean adult and mean infant centroid sizes in the regressions.
The colour map shown in Figure 3.4.5a represents differences in the areas of the mesh
triangles between the mean infant (reference) and mean adult (target) forms (size and
shape) of both species predicted by two separate multivariate regressions (shape on size),
rescaled to the mean size of modern human infants and modern human adults,
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respectively. These differences are plotted using colours to represent the degree of local
expansion or contraction of the adult surface in both species. This visualisation allows a

comparison of ontogenetic transformations that is independent of registration.

The colour map shown in Figure 3.4.5b shows the difference between a mean infant H.
sapiens (reference) and a mean infant H. neanderthalensis (target) plotted on the infant
form of H. neanderthalensis, rescaled to the mean size of modern human infants.
Likewise, the colour map shown in Figure 3.4.5c shows the difference between the mean
adult H. sapiens (reference) and the mean adult H. neanderthalensis (target) forms,
plotted on the adult form of H. neanderthalensis, rescaled to the mean size of modern
human adults. Note that different ranges of values are used in each colour map to

maximise the range of colours in each visualisation.
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Figure 3.4.5 below. a: differences in form between a mean infant (reference) and a mean adult
(target) H. sapiens (left) and an infant (reference) and an adult (target) H. neanderthalensis (right)
using warpings extracted from the multivariate regression of size on shape and then rescaled to
modern human infant and adult mean Csize. The colour maps show the degree of expansion of
surface regions as a result of differences between infant and adult forms for each species plotted on
the adults. The magnitude of local expansion is indicated by colours as shown in the key: small=blue,
to large (red). b: differences in form between a mean infant (reference) H. sapiens and a mean infant
(target) H. neanderthalensis (both rescaled to modern human mean infant Csize) using warpings
extracted from the multivariate regression of size on shape. The differences are plotted on the infant
Neanderthal. c: differences in form between a mean adult (reference) H. sapiens and a mean adult
(target) H. neanderthalensis using warpings (both rescaled to modern human mean adult Csize)
extracted from the multivariate regression of size on shape. The differences are plotted on the adult

Neanderthal.
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The colour map in Figure 3.4.5a (left) comparing infant and adult modern humans is
similar to those visualised in the PCA analysis of the face in Section 3.1. The warped
surface shows marked vertical elongation of the face and changes in proportion between
the mid and upper face such that the nasal and subnasal alveolar regions become
relatively larger and more prominent. During ontogeny, the greatest rate of expansion
(orange-red) is located in the posterior maxilla, specifically over the molars and the
inferior aspect of the zygomatic arch as it meets the maxilla. Further marked expansion
occurs from the lateral aspect of the nose to the posterior maxilla. Less marked expansion
is identified over the lower central nasal and alveolar regions (green to yellow), the
anterior pillar of the face (Rak, 1986). The orbital and infraorbital regions with the

supraorbital torus show relatively little change indicated in green.

When compared to modern humans, Neanderthals (Figure 3.4.5a, right) undergo a more
uniform and widespread expansion of the entire midface which is a little more marked
(more red/orange) than in humans (Figure 3.4.5a, left), suggesting that, during ontogeny,
the development of the midface is greater in Neanderthals than modern humans,
particularly in the region of the lateral maxilla and zygomatic bone (body and temporal
process). The double-arched supraorbital torus is identified as another area of great
expansion during ontogeny. This shows that the characteristic Neanderthal adult
morphology is achieved through expansion and modification principally of the lateral
midfacial and supraorbital elements during ontogeny. A common area of expansion
among Neanderthals and modern humans is identified in the posterior maxilla, which is

red in both species.

Also similar to modern humans, in Neanderthals, the superior orbital border of the orbit,
and the region around the nasion face (light blue to blue areas in Figure 3.4.5, a and b),
and the subnasal region (green area in Figure 3.4.5, a and b) expand least during

ontogeny.

Considering differences between the two infants when plotted on the infant Neanderthal
(Figure 3.4.5b), the colour map on latter shows that, compared to infant modern humans,
infant Neanderthals have a more expanded (red) posterior face (molar region). Further,
marked differences are focused around the midface and nose (yellow to orange in Figure
3.4.5b). Thus, early postnatal differences among the two species are characteristic of

what are considered to be typical Neanderthal autapomorphies; a prominent and
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“inflated” midfacial complex and more developed posterior face, which likely relates to

the retromolar space in the mandible of Neanderthals.

Comparing the two adults (Figure 3.4.5c), the largest differences are located in the
midface (perinasal maxilla) and the central part of the supraorbital torus (indicated by the
colour map as areas of expansions in Neanderthals), while the lateral orbits and lateral
zygomatics undergo less expansion and some regions are contracted in Neanderthals

relative to modern humans (blue).

The angle between the ontogenetic allometric trajectories of the two species (resulting
from two separate multivariate regressions of size on shape after a common GPA) is 29°,
significantly different from zero (p-value < 0.001, 1000 random permutations). This is
strong evidence of divergence of ontogenetic allometry, indicating that the two species
have different modes of shape change with size during ontogeny. This result is a crucial
contribution to the ongoing debate about postnatal trajectories in Neanderthals and
modern humans and is of fundamental importance, as the divergence of facial

ontogenetic trajectories between the two species was never tested in the literature.

In Figure 3.4.6, the differences from the common mean shape of Neanderthal and
modern human infants to the mean adult shape of each species are visualised. These are
calculated after translating the ontogenetic vectors of each species to a common origin,
the mean infant shape of modern humans and Neanderthals. Because there are now only
three data points, the common mean infant, the mean adult modern human and mean
adult Neanderthal, the allometric vectors can be fully represented in two dimensions,
visualised in a plot of the first two PCs of shape from a PCA of these three means. In the
plot, the angle between the trajectories is 29 degrees (as it was in the angle test) and the
trajectories represent the differences in postnatal ontogeny between the species. The
differences among adults arise through these divergent trajectories and are in addition
to those that are present at birth and that were noted in the earlier shape and form PCAs

of Figure 3.4.3 and 3.4.4 and the regressions of Figure 3.4.5.
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Figure 3.4.6. PCA of ontogeny of H. sapiens and H. neanderthalensis with visualisation of divergence angle.
Colour map show differences between the adult H. sapiens (reference) and the adult H. neanderthalensis

(target). Differences are plotted on the adult Neanderthal.

Figure 3.4.6 shows the warpings and colour map derived between the two ‘adult’ shapes
(plotted on the adult Neanderthal). These represent the differences that arise purely due
to divergence, ignoring differences already present at birth, and those that arise through
extension of growth into larger sizes in Neanderthals (hypermoprhosis). The insets and
colour map show that Neanderthal facial allometric development differs from modern
humans particularly in the regions of the zygomatic, lateral maxilla and orbital torus, all
of which become taller, more massive, “inflated” and heavily built in Neanderthals. The
posterior face, particularly near the premolars, also shows marked differences (yellow-
red) with a taller posterior face in Neanderthals compared to modern humans. Contrary
to what one might expect, the anterior pillar, namely the nasal bridge and subnasal
region, is relatively contracted in the adult Neanderthal compared to the adult modern
human. In addition, the Procustes distance between the mean infant and mean adult

modern human is 0.278 while that between the mean infant and the mean adult H.
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neanderthalensis is 0.291 indicating that the Neanderthals undergo a marginally greater

degree of allometric shape change during postnatal ontogeny.

Hypothesis 2 states that during postnatal ontogeny, Neanderthals and modern humans

show no differences in the ways in which facial components covary.

This is tested to assess the extent to which different patterns of ontogenetic covariation
among parts of the facial skeleton underlie the divergence in postnatal ontogenetic
trajectories between the two species. Unlike the PLS analysis of Section 3.2, in which
differences in covariation among regions were assessed between age groups, here
covariances were compared between the entire ontogenetic samples of modern humans
and Neanderthals because the Neanderthal sample is small, and cannot reasonably be

divided into age groups.

Table 3.4.1 shows the results of the PLS analyses performed between the anatomical
‘blocks’ (regions) of the maxilla, palate, orbit and nasal cavity, first in modern humans
then in Neanderthals. In modern humans, the total covariance is large between each pair
of regions. The least total covariance is found between orbit and maxilla (69.3) and the
greatest between the palate and other regions (95.16 -97.65). The highest correlation
coefficients (between first singular warps) are found between the maxilla and the other
regions: palate, orbit and nasal cavity. All correlation coefficients are significant and
remain significant after Bonferroni correction, which requires a p-value of 0.05/6 =
0.0083. The percentage of variance within each region explained by its covariance with
other regions is similar for each pair of comparisons (between 25% and 38%) except for
those involving the palate, for which the proportion of its variance explained by its

covariation with other regions is consistently about 65%.

PLS analyses of Neanderthals suffer from small sample size, therefore the analysis has
less statistical support. Only two correlation coefficients are significant, those between
the maxilla and the orbit and the maxilla and palatal region (and neither is after
Bonferroni correction). The magnitude of the correlation coefficients is similar to those
found in modern humans as the maxilla shows the highest correlation coefficients with
other regions in both species. There are, however, some notable differences. The
correlations between the first singular axes from the PLS between the nasal cavity and
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palate and between the nasal cavity and maxilla are much reduced in Neanderthals (0.77
in modern humans vs 0.53 in Neanderthals in the former comparison and 0.83 vs 0.70 in
the latter). In addition, in tests of association between the nasal cavity and other regions,
total covariance is much reduced when compared to modern humans. These findings
indicate that the nasal cavity of Neanderthals is less integrated with other parts of the
face than in humans, being more independent of the palate and maxilla in its
development. In contrast, in Neanderthals, the correlation coefficients (albeit mostly
insignificant because of small sample size) are larger in between the orbit and the palate
(0.85 vs 0.64) and between the orbit and the nasal cavity (0.75 vs 0.65). In Neanderthals,
the proportion of variance within each block explained by its covariance with other blocks
is not greatly different from modern humans. However, the percentage of explained
variance is greater in H. sapiens for all pairs of regions except for those between the

maxilla and the palate and orbits.

Thus, these analyses suggest some differences between Neanderthals and modern
humans in the degree of association among facial regions during ontogeny, particularly
with respect to the nasal cavity and its association with other regions. However, the small
sample size of Neanderthals and consequent lack of significance of correlation

coefficients urges caution in interpretation.
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Allsample oRaiT
Block 1 vs Block 2 TOT. COVAR. CORR. COEFF. P-VALUE EXPLAINED VARIANCE EXPLAINED VARIANCE
BLOCK 1 BLOCK2
N.cavity- R Palate 97.65 % 0.77 0.001 35.22% 65.51%
N. Cavity- R Maxilla 88.77% 0.83 0.001 37.10% 37.10%
R Orbit- R Palate 95.16 % 0.64 0.001 29.40% 64.75% e
R Orbit- R Maxilla 69.63 % 0.86 0.001 3291 % 32.45%
R Orbit- N. Cavity 88.98 % 0.65 0.001 26.45 % 37.13%
R Palate- R Maxilla 97.56 % 0.86 0.001 65.52 % 37.24%

PALATE

All sample
Block 1 vs Block 2 TOT. COVAR. CORR. COEFF. P-VALUE EXPLAINED VARIANCE EXPLAINED VARIANCE
BLOCK1 BLOCK2

N. Cavity- R Palate 68.28 % 0.53 ns 21.57% 56.76 %

N. Cavity- R Maxilla 53.02% 0.70 ns 30.37% 32.30%

R Orbit- R Palate 81.86 % 0.85 ns 18.85% 60.25 %

R Orbit- R Maxilla 61.39 % 0.83 0.04 25.27% 38.11%

R Orbit- N. Cavity 41.56 % 0.75 ns 19.80 % 28.17%

R.Palate- R Maxilla 87.76 % 0.76 0.01 58.66 % 39.80 %

Table 3.4.1. PLS analysis of shape covariation between facial regions in modern humans (top) and
Neanderthals (below). TOT.COVAR= percentage of total covariance explained by the first pair of singular
warps, CORR.COEFF= correlation coefficients between blocks for PLS1 scores and the p-value assessed by
permutation test between pairs of blocks (ns= not significant relations in bold). For each block, the variance

explained by the correlation with the other blocks was estimated.
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3.4.6 Discussion and conclusions

A key unresolved question regarding the differences between Neanderthals and modern
humans is whether or not they differ in the way in which infants reach their final adult
morphologies. While it is evident that cranial architecture is different among newborns
and adults of the two species, it has been unclear if postnatal ontogeny further

accentuates the differences between adults and, if so, to what degree and how.

Hypothesis 1 states that Neanderthals and modern humans exhibit no significant

difference in their facial ontogenetic trajectories.

From the PCA in Figure 3.4.3 and 3.4.4 and the colour maps in Figure 3.4.5, it appears
evident that both modern humans and Neanderthals undergo significant changes in facial
morphology during ontogeny. While differences in adult facial morphology between the
two species have been previously described (Rak, 1986; Ponce de Leon and Zollikofer,
2001; Bastir et al., 2007; Marquez et al., 2014) differences in postnatal trajectories
between the two species, although compared using PCA, have never been formally tested

using regression.

Previous studies (Ponce de Leon and Zollikofer, 2001, Ackermann et al., 2002), based on
distributions along PC1 and PC2 in the form and shape space, suggested parallel
ontogenetic trajectories between the two species. Observing the PCAs in Figure 3.4.3.
and 3.4.4 one might agree. Neanderthals also appear to be displaced along PC1, which
represents some aspects of allometry in both PCAs, such that they are more advanced,
with adult Neanderthals achieving greater sizes and more “developed” shapes. This result
confirms previous studies that noted that adult human crania are more similar in shape
to those of adolescent Neanderthals, while adult Neanderthals have considerably larger
faces and, accordingly, more cranial superstructures (brow ridges and bony crests) than
adult humans. (Ponce de Leon and Zollikofer, 2001; Krovitz, 2003; Zollikofer and Ponce
de Leon, 2010). However, PCAs offer an incomplete description of differences, therefore
by calculating the colour maps derived from the regression warpings it is possible to fully
describe ontogenetic trends and differences between the two species in terms of mode

and magnitude of changes.
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The results of Figure 3.4.5 (a) suggest that there are some similarities in the two species
in the ways in which infants reach their adult form, with midfacial and posterior molar
regions in both species being the areas of greatest expansion during ontogeny. However,
in detail, the distribution of areas of expansion, particularly over the midface, differs. In
modern humans, vertical growth and development of the inferior maxilla is the most
dominant feature of postnatal ontogeny, with the colour map indicating areas of greatest
expansion lateral to the nose extending to the alveolar region. The Neanderthal colour
map and warpings show some similarities with that of modern humans, reflecting
common aspects of postnatal ontogeny. However, there are differences. The lateral
zygomatico-maxillary complex, becomes taller and more prominent (orange/red) than in
modern humans (green/orange). In addition, the entire supraorbital torus undergoes
greater expansion/modification. Thus, while the characteristic Neanderthal feature of a
marked suprorbital torus develops during the postnatal period, the heavily-built midface
does not seem to arise at the same time, although it is somewhat enhanced. Indeed, the
expanded midface of Neanderthals relative to modern humans appears to already be
present in infancy as indicated by the colour map of Figure 3.4.5 b. This difference is
carried into adulthood (Figure 3.4.5 c) with only moderate additional development during
the postnatal period (Figure 3.4.5 a). Instead, postnatal ontogeny most markedly differs
between these species in the degree of expansion of the central supraorbital torus, which

is marked in Neanderthals and nearly absent in modern humans.

Considering the colour maps of form and shape differences from Figure 3.4.5 and the
Figure 3.4.6 respectively, the lateral midface (temporal and frontal processes of the
zygomatic bone) and the orbital torus show the greatest differences in allometric scaling.
The lateral midface becomes taller, wider and more anteriorly projecting in Neanderthals
compared to modern humans, and the orbital torus does not develop to any marked
degree in modern humans compared to Neanderthals who grow a massive double-
arched structure. Although Neanderthals are commonly described as having taller and
more forward projected midfaces (Zollikofer and Ponce de Leon, 2010), this analysis
shows that the lateral region of the midface and the orbital arch are the areas that show
the greatest differences in allometry between the two species. The differences in

midfacial projection are already largely established in infants.
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Consistent with the complex picture of similarities and differences in ontogeny presented
by the colour maps, the multivariate allometric vectors of the two species significantly
differ in direction, indicating different ontogenetic allometries. Therefore, Hypothesis 1
of parallel ontogenetic trajectories is rejected. This result contrasts with previous findings
that suggested that the two species follow identical patterns of allometric development
(Ponce de Leon and Zollikofer, 2001; Ackermann and Krovitz, 2002) but agrees with
recent findings from comparative studies of mandibular and cranial vault ontogeny

(Bastir et al., 2007, Gunz et al., 2010).

Hypothesis 2 states that during postnatal ontogeny, Neanderthals and modern humans

show no differences in the ways in which facial components covary.

This was investigated using PLS analyses (Table 3.4.1). In modern humans, the shape of
the maxilla shows the strongest association with that of other facial elements: the nose,
orbit and palate. When significant, in Neanderthals the interactions among cranial
components are generally similar to those observed in modern humans, showing that
despite divergence in their ontogenetic trajectories, some regions of the face such as the
maxilla covary with adjacent regions in a similar way in the two species, these appear to
be conserved in these two hominins. However, the findings also highlight that there may
be differences, particularly in the ways in which the nasal cavity interacts with the rest of
the face during ontogeny. In this study, the most characteristic trait of the Neanderthal
face, namely the nasal cavity shows patterns of cranial integration dissimilar to those
observed in modern humans. This is important because it reflects the very major
difference in nasal form between these species and suggests that the differences in nasal

form alone do not explain all of the differences in adult facial morphology.

This result suggests a more complex picture of differences between Neanderthals and
modern humans compared to what has been found in other studies of closely related
taxa, where patterns of interaction appear to differ less (Cheverud, 1982; Ackermann,
2002; Hallgrimsson et al., 2009; Roseman et al., 2011; Singh et al., 2012). Since patterns

of covariation do differ between the two species, Hypothesis 2 is rejected.

In conclusion, there are clear differences in morphology at all stages of ontogeny
between modern humans and Neanderthals. This is evident from the study of the colour
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maps derived from the multivariate regressions and the angle test, which show that the
two species possess divergent trajectories, with Neanderthal possessing a more derived
morphology. Patterns of covariation are similar only for certain facial regions, while
others show clear indication that the cranial regions can be integrated at different levels

in closely related species, thus resulting in different morphologies.

Further studies including a bigger fossil sample size and inclusion of other hominin
species such as H. heidelbergensis should investigate in more detail when these
differences arose at an evolutionary level and if some of these patterns are shared among

recent and archaic fossil hominins.
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4.0 General discussion and conclusions

This project aims to define the role of changes in postnatal growth and development in
shaping the face throughout the evolution of late Pleistocene Homo and modern humans.
An ontogenetic perspective is applied to clarify the ontogenetic trends in terms of the
trajectories, integrations and dependencies among cranial and facial components during
development. The ultimate goal of this project is to determine to what extent the face is
integrated within the skull and constrained by its parts, and how different facial regions

develop, covary and have evolved.

To that end, a virtual statistical approach, which includes geometric morphometrics and
multivariate statistical analyses as well as new visualisation methodologies were applied
to investigate the ontogeny of H. sapiens and H. neanderthalensis and provide new
insights into this topic. The dissertation is divided into 4 main chapters. The first chapter
(Chapter 1) provides a literature review of the core topics approached in the dissertation.
The second chapter (Chapter 2) goes over the methodologies applied in the collection
and estimation of data, testing their reliability, as well as the methodologies applied in
the statistical tests of the hypotheses (principal component analysis, partial least squares
analysis, path analysis, multivariate regression). The third chapter (Chapter 3) is divided
into four sections, each focussing on a different research topic. Lastly, this conclusion

summarises and synthesises the key findings.

4.1 Synthesis of key findings

Chapter 3, Section 3.1 addressed the strength and mode of interactions among the

cranial base, vault and face during ontogeny.

While previous studies have laid the ground by starting to explore ontogenetic shape
variations of these cranial regions in Hominoidea (Gunz et al., 2010, Singh et al., 2012,
Profico et al., 2017; Zollikofer et al., 2018), lack of modern human ontogenetic data has
often constrained the study of modern human ontogeny to the use of cephalometric
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data. This of necessity focused research on specific aspects of development (basicranial
flexion, midface orientation, etc.) and used bespoke measurements to approximate
them. A better understanding of the development and inter-relationships between
cranial regions can be obtained by using Geometric Morphometric Methods (GMM)

based on 3D landmarks and semilandmarks.

In Section 3.1, patterns of growth, development and ontogenetic trajectories of the
cranial vault, base and face are described and compared in modern humans as are
patterns of integration and modularity among them at different ontogenetic stages using

a 3D landmark and semilandmark based approach.

The results show non-linear trajectories of development for the entire cranium and face,
and identify changes in trajectory between the younger and older subadult stages, with
significant divergence of trajectories between the two phases. In addition, using a novel
visualisation approach, the morphological changes in each region from younger subadults
to adults are visualised using warpings, enhanced by colour mapping local relative and

absolute expansions/contractions.

The study of covariation among the three regions during ontogeny suggests that phases
of accelerated developmental change and flexibility coincide with a more modular
behaviour of cranial regions. This suggests that local influences become more dominant
in control of their development rather than the underlying large scale influences that
affect several regions together, such as allometry and masticatory loads, that act as
integrators, preserving function (Porto et al., 2013). This result might clarify why the
literature shows such contradicting results considering covariation of these three regions.
While most studies focus on the entirety of ontogeny (Bastir et al., 2006) or the resulting
adult variation (Profico et al., 2017), the results of this section highlight that while a region
might be ontogenetically integrated overall, depending on the age stages represented in
the ontogenetic data, different degrees of integration will be found. Indeed, more
detailed studies of integration at different ontogenetic stages are needed to characterise

the developmental dynamics of modes of covariation within the skull.

Section 3.2 of this thesis explores ontogenetic trajectories, allometry and integration
among facial components during ontogeny. The aim was to explore in detail how different

regions grow, develop and scale and how they interact during postnatal ontogeny, and
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to use this information as a starting point to build a statistical model of normal
craniofacial growth and development to apply in evolutionary studies as well as in surgical

planning and clinical investigation.

Results suggest that significant differences arise during ontogeny through changing
allometry and covariation among regions and, within a region, between different age

classes.

The findings indicate that the nasal region develops allometrically throughout the entirety
of ontogeny and covaries significantly with adjacent structures in all age classes. These
findings support the hypothesis that the cartilaginous elements comprising the septum
and walls of the developing nasal cavity play a central role in shaping the facial complex
of modern humans as postulated by Scott (1956; contra Moss, 1968), and sustained by
many experimental studies (Verwoerd and Verwoerd-Verhoef, 2007; Wong et al., 2010;
Holton et al., 2011; 2012; Al Dayeh et al., 2013; Hall and Precious, 2013; Goergen et al.,
2017).

Interestingly, the palatal region goes through a phase of increased modularity during the
older subadult phase. This result, if sustained by further data, could give useful insights
into the optimal timing for cleft palate surgery. Indeed, while it has been found that early
surgery can impact on normal speech, late operations (after 4-6 years of age) are
hypothesised to impact on normal maxillofacial development (Rohrich et al., 2000).
Therefore, the current findings could facilitate the planning of surgical interventions by
taking into consideration the best age range and the lowest impact on adjacent

structures.

Section 3.2 also highlights the central role of the maxilla as an integrating element
throughout ontogeny. This finding is sustained by preliminary studies (Bastir and Rosas,
2013) which found integration between the nasopharynx and maxilla and between the
latter and the piriform aperture in modern humans. The role of the maxilla during

ontogeny is further explored in Section 3.4.

While Section 3.2 explored modes and magnitudes of integrations and allometric
development, Section 3.3 aims to clarify the hierarchies of interactions among facial
components in driving the growth and development of the human face in the first years
of life. It does so using path analysis, a methodology that aims to define pathways of
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interactions among variables in a model of hypothesised relationships by testing
strengths of relations. In the first path model, growth of the nasal septum is opposed to
that of the orbits as a pacemaker for the growth and development of the maxilla, alveolar
region, medial orbit and overall vertical facial development. This path is built based on
previous theories, which put in competition the role of nasal septal growth versus other
skeletal elements as principal pacemakers for facial growth and development (Scott,
1956; Mooney et al., 1989, Holton, 2011, 2012; Moss, 1968; Babula et al., 1970; Goergen
et al., 2017). Analyses are performed after dividing the sample into age classes by year
from 0 to 6. Results show that interactions among variables change significantly over
time, with nasal and subnasal heights showing the greatest and most consistent
interactions with facial height. This finding supports the hypothesis that the nasal septum
has a significant influence on prenatal and early postnatal human facial growth (Scott,
1956; Verwoerd and Verwoerd-Verhoef, 2007; Wong et al., 2010; Holton et al., 2011;
2012; Al Dayeh et al., 2013; Hall and Precious, 2013; Goergen et al., 2017). In the second
path model, the growth of the soft tissue components of the face is compared to that of
the skeletal elements with the aim of testing the major influences on the growing
elements of the face and defining the relations among soft and skeletal tissues during
ontogeny. Results show that the interactions among skeletal elements and overall facial
growth do not change significantly when the soft tissue variables are included in the path
model. However, skeletal components act more independently, most of the skeletal
tissues having significant impact (significant path coefficients) only on overall facial
development and not among them. In addition, soft tissues, particularly those related to
mastication, such as the oral capsule and masseter muscle, tend to act only locally,
affecting adjacent skeletal components linked to chewing actions (subnasal region).
These results highlight that the morphology of the cranium is constantly undergoing
modification throughout ontogeny and reflects a balance between developmental
patterning, mechanical-load-induced remodelling and other factors. Further studies
using Finite Element Analysis (FEA) should investigate the extent to which muscular
loadings impact on local and global morphological changes during ontogeny (Conith et

al,, 2019).

Chapter 3 Section 3.4 compares the ontogenetic trajectories of H. sapiens and H.

neanderthalensis, as well as their modes and magnitudes of ontogenetic change and the
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integration among their facial components to answer the question: do these patterns
differ significantly between the two species? And if yes, how? Results show that when
comparing the ontogenetic trajectories as they are projected onto the first two principal
components of joint analyses of the two species, they appear parallel. However,
comparing trajectories in the entire shape space, the multivariate allometry of the two
species, permutation test on the angle between them indicates that the two trajectories
diverge significantly, this divergence indicating differences in the way the midface
changes during ontogeny. This result support previous findings that found divergence in
the mandibular trajectory of the two species (Bastir et al., 2007) and highlight the need
to perform statistical testing in addition to data exploration using principal component
analysis. Interestingly, the main ontogenetic morphological differences which cause
divergence between the two species are not located in the region of the nasal cavity,
which in Neanderthals appears to have its peculiar shape since infant stages and is
probably established before birth. Rather, the differences accentuated postnatally are
located mostly in the zygomatico-maxillary region, which, as observed in Section 3.2, is
one of the principal elements of integration in the face. Thus, differences in the rest of
the face between the two species arise mainly from differences in the interaction and
integration between the zygomatico-maxillary complex and the other adjacent facial

elements.

Furthermore, results show that difference in trajectories is reflected in different modes
of integration among facial regions in the two species, particularly in the midfacial region

and the nasal cavity.

As already observed for modern humans in Sections 3.1, 3.2 and 3.3 for modern human
ontogeny, the orbits play a minor role in the development and so in driving differences

among the two species.

In summary, regarding the biologically pertinent questions of this thesis, it is concluded
that in both Neanderthals and modern humans, interactions among cranial and facial
components change significantly during postnatal ontogeny, with size playing a major

role as an integrating factor.
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The nasal region plays a key role in shaping the facial complex, during infancy as well as
throughout adolescence and adulthood, but does not develop divergently between the

two species.

Within modern humans, ontogenetic trajectories diverge among different age classes,
indicating that different modes of change occur during growth and development and not

only among different human populations (Vidarsdottir et al., 2002).

Divergence of facial trajectories is for the first time assessed for Neanderthals and
modern humans, and regional differences underlying the divergence are investigated and

described.

In addition, divergence of trajectories is reflected in different magnitudes of integration
among facial regions of the two species, suggesting that differences in pathways of
interactions during ontogeny may result in different morphologies and, potentially,
different functionalities, which in turn, during ontogeny, might impact on cranial regional
growth interactions and so morphology (O’Higgins et al., 2012). Further studies should
clarify the different impacts of functional loadings at different ontogenetic stages and

their influence on facial anatomy.

4.2 Limitations of the present study and implications for future research

By applying geometric morphometrics and multivariate analysis in this thesis the tempo
and mode of interactions among cranial components have been described and detailed
three-dimensional statistical models of craniofacial growth and development have been
compared between modern humans and Neanderthals. One potential issue in this work
arises because it is based on morphological analysis rather than in vivo experiments.
Because causality and hierarchies are better studied once we can control some variables
and keep track of changes derived from keeping those variables constant, data from in
vivo experiments are essential to support any conclusion on modern human growth and

development.
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Limitations also arise from the availability of longitudinal ontogenetic data, of living (H.
sapiens) and inevitably of fossil (H. neanderthalensis) material, as well as lack of
information about those data (exact age and gender). Cross-sectional data can only give
general insights and even though they cannot be gathered in fossils, longitudinal data in

modern humans would be valuable additions to better contextualise the study of fossils

Further studies should focus on improving sample size and information. In addition, Finite
Element Analyses (FEA) of crania to simulate the effects of masticatory system loadings
at different stages of ontogeny could complement the current thesis by providing
additional insights into how craniofacial growth and development are integrated through

masticatory forces.
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5.0 Supplementary Material

specimen age_group eruption pattern age known/estimated
HPN_001 younger subadult [No_teeth_erupted| 0.5 e
HPN_002 younger subadult [No_teeth_erupted| 0.5 e
HPN_004 younger subadult [No_teeth_erupted| 0.5 e
HPN_005 younger subadult [No_teeth_erupted| 0.5 e
HPN_006 younger subadult [No_teeth_erupted| 0.5 e
HPN_007 younger subadult [No_teeth erupted| 0.5 e
Hum1175 younger subadult [No_teeth_erupted| 0.5 e
SCH2 younger subadult [No_teeth_erupted| 0.5 e
SCH26mo younger subadult [No_teeth_erupted| 0.5 e
UcL 3 younger subadult [No_teeth_erupted| 0.5 e
UCL _C34 younger subadult [No_teeth_erupted| 0.5 e
UCLA23D younger subadult [No_teeth_erupted| 0.5 e
SCH36 younger subadult M1ldec_erupted 2 e
SCH13 younger subadult M1 _in_crypt 4 e
SCH5 younger subadult M1 _in_crypt 4 e
UCL_A23 younger subadult M1 _in_crypt 4 e
SCH13cs younger subadult M1_erupting 5.5 e
UCL-56_ younger subadult M1_erupting 5.5 e
H-1001_ younger subadult M1 _erupting 5.5 e
UCL-A06 Older subadult M1_erupted 6 e
UCL_159 Older subadult M1_erupted 6 e
SCH20 Older subadult M1_erupted 6 e
SCH366_ Older subadult M1_erupted 6 e
SCH7 Older subadult M1_erupted 6 e
SCH156y Older subadult I1_in_crypt 6.5 e
UCLA23M Older subadult I1_erupting 7.5 e
SCH4 8y Older subadult I2_in_crypt 8 e
SCH39f] Older subadult Premolars_in_crypt| 9.5 e
SCH7_8y Older subadult M2_in crypt 10 e
SCH7sin Older subadult M2_in_crypt 10 e
SCH258y Older subadult M2_in_crypt 10 e
SCH13bm Older subadult M2_erupting 11.5 e
SCH13ri Older subadult M2_erupting 11.5 e
SCH3610 Older subadult M2_erupting 11.5 e
SCH-27_ Older subadult M2 _erupting 11.5 e
UCLCDJu Older subadult M2 _erupting 11.5 e
UCLF279 Older subadult C_erupting 11 e
SCH1-12 Older subadult M2_erupted 12 e
SCH31_ Older subadult M2_erupted 12 e
SCH7fex Older subadult C_erupted 12 e
SCH6 18 Adult M3_erupting 18.5 e
SCH3020 Adult M3_erupted 19 k
SCH39fe Adult M3_erupted 19 k
SCH39le Adult M3_erupted 19 k
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SCH39fr Adult M3_erupted 19 k
VA019 Adult M3_erupted 20 k
VAOO7 Adult M3_erupted 20 k
VAO24 Adult M3_erupted 20 k
ANAT800 Adult M3_erupted 23.5 e
ULACO13 Adult M3_erupted 23.5 e
ULACO16 Adult M3_erupted 23.5 e
VA0OL Adult M3_erupted 23.5 e
VA002 Adult M3_erupted 23.5 e
VA003 Adult M3_erupted 23.5 e
VA0O4 Adult M3_erupted 23.5 e
VAO12 Adult M3_erupted 23.5 e
VAO13 Adult M3_erupted 23.5 e
VAO14 Adult M3_erupted 23.5 e
VAO17 Adult M3 _erupted 23.5 e
VA020 Adult M3_erupted 23.5 e
VA021 Adult M3 _erupted 23.5 e
VA022 Adult M3_erupted 23.5 e
VA025 Adult M3_erupted 23.5 e
VAO30 Adult M3_erupted 23.5 e
VAO50 Adult M3_erupted 23.5 e
VAO51 Adult M3 _erupted 23.5 e
VAO52 Adult M3 _erupted 23.5 e
VAO53 Adult M3_erupted 23.5 e

Table S1. Human sample with description of stage of dental development, age and repository, for a total of

68 specimens. When the age was not known, it was estimated, up to a maximum of 23.5 years, when full

dental maturity is reached (AlQahtani et al., 2010).
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Fossil specimen  Courtesy of Type Age range

Mezmaiskayal  Dr. Gunz, Prof. Hublin, Prof. Maurelle Surface reconstruction fromCTstan | g 5.5
leMoustier2  Dr. Gunz, Prof. Hublin, Prof. Maurelle Surface reconstruction fromCTscan -~ | 755
Pech Del'Aze  Prof. Balzeau, Prof. Bahuchet, Prof. Grimaud-Hervéand Musee de Homme, Paris Micro CT-scan D55
RocDeMarsal  NESPOS Archive, Prof. Macchiarell, Dr. Mazurier, and Dr. Volpato, Universty of Poitiers ~ CTscan [ 1055
13Quinal8  [aSapienza Universit, Prof. Manzi Photogrammetry of cast Fio I8
laChapele ~ NaturalHistory Museum,Paris (Tscan +8
aFerassie Natural History Museum, Paris (Tscan +8
Guattari NESPOS Archive, Dr. Bondiol;, Pigorini Museum, Rome (Tsaan 8
Saccopastorel 3 Sapienza University, Prof. Manzi (Tscan B
Saccopastore? 3 Sapienza Universit, Prof. Manzi (Tscan +8
Ghraltarl Dr. Kruzinsky and the Natural History Museum, London (Tscan e
Amud1 Morphosource Surface scan from cast | B

Table S2. List of Neanderthal specimens and age class. The age range was estimated from literature (Martin-

Gonzélez et al., 2012).

ID 1st measurement | 2nd measurement| 3rd measurement| Mean volume |Mean percentage error

VAOO1 13063.53 13635.49 12766.94 13155.32 243%
VA002 30722.56 30129.38 30628.29 30493.41 0.80%
VA003 19871.02 193424 19784.52 19665.98 110%
VAO004 12568.25 13093.85 12373.45 12678.52 2.18%
VAOO7 30791.27 29950.45 30673.25 3047165 114%
HI001 10241.26 9414.84 10189.4 9948.5 3.58%
HPNOO6 23249 27119 296.04 266.57 8.52%
UCL-A06 2972.27 3400.23 3640.49 2860.3 6.99%
UCL-F279 7958.4 836221 8665.71 8328.77 2.96%

Table S3. Repeated measurements of nine arbitrarily chosen specimens, mean volume and average
percentage of deviation from the mean volume. Minimum deviation from the mean (VA002) 0.80%,
maximum deviation from the mean (HPNOO6) 8.53%, total average error 3.3% (results carried out by Anna

Lucas during herMSc).
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0 3 mm

Figure S1. Colourmap mesh distance seen from medial (right), anterior (middle), and lateral (right) view
indicating the surface distance (mm) between a semi-automatically segmented sinus and a sinus
segmented using the R tool “ast-3d”. Red indicates a mesh distance > 2mm (results carried out by Anna

Lucas during her MSc).
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Landmarks Right/Left

3,4

5,6

7,8

9,10

11

12

13,14

15

Osteometric name

Glabella

Bregma

Jugale

Frontomalare ant.

Zygoorbitale

Zygomaxilare

Nasion

Rhinion

Alare

Subspinale

Description

Most anterior point in the mid-
sagittal plane at the lower

margin of the frontal bone

Intersection of coronal and

sagittal sutures

Intersection of temporal and

frontal processes of the

zygomatic bone

Most anterior point on the

frontozygomatic suture

Intersection of lower margin of
the orbit and

zygomaticomaxillar suture

Most inferior point on the

zygomaticomaxillar suture

Most anterior point of the
nasofrontal suture in the mid-

sagittal plane

Midline point at inferior free

end of the internasal suture

Most lateral point at the

margin of the
nasal aperture

Lowest point on the inferior
margin of the nasal aperture in

the mid-sagittal plane
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16,17

18

19,20

21,22

23,24

25,26

27

28

29

30,31

32,33

34,35

Dacryon

Alveolar

Zygotemporal suture R

Zygotemporal suture L

Incisive foramen

Staurion

Alveolon

Superior orbital fissure

Point on the medial border of
the orbit where frontal,

lacrimal and maxilla meet

Most anterior point on the
alveolar  portion of the
premaxilla between the upper

central incisors
Internal side of the last teeth
Root of maxillary arch

Suture between zygomatic
and temporal bones (superior

and inferior, right)

Suture between zygomatic
and temporal bones (superior

and inferior, left)

Most internal point of the

incisive foramen

Intersection of the sut.
palatina mediana and sut.

palatina transversa

Intersection of the midline of
the palate and the line
connecting the posterior

borders of the alveolar crests
Inferolateral choanal corner
Superior margin of choana

Most external point of the

superior fissure
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36,37

38,39

40,41

42,43

44,45

46,47

48,49

50,51

52

53,54

Inferior orbital fissure

Pterion

Frontotemporale

Frontomalare post.

Orbital superior

Basion

Most external point of the

inferior orbital fissure

The point where the sagittal
plane translated to the most
external point of the frontal
process of the zygomatic bone

meets the coronal suture

The region where the coronal
suture meets the sphenoid

bone

On the shortest distance
between the temporal lines

on the orbital torus

Most posterior point on the

frontozygomatic suture

Most inferior point on the

zygomatic process

Highest point on the orbital

outline

Lateral point of the spheno-

occipital synchondrosis

Anterior mid-sagittal margin

of the foramen magnum

Most lateral point at the
margin of the foramen

magnum
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55

56,57

58,59

60,61,62,63,64,65

66

67,68

69

70

71,72,73,74

75,76

Opisthion

Porion

PM points

Incisors,

canines,molars

Opisthocranion

Asterion

Lambda

Inion

Posterior  zygomatic

root

Mastoid process

Posterior mid-sagittal margin

of the foramen magnum

Upper margin of each ear

canal

Most posterior point on the

mandibular body

External alveolus at 12, C, last

visible tooth

The most posterior point of
the occipital bone along the

midsagittal plane

Where the lambdoid, parieto-
mastoid, and occipito-mastoid

sutures meet

Point of meeting of the
sagittal and the lambdoid

suture

Midpoint of the external

occipital protuberance

Superior and inferior limits of
the most posterior part of the
zygomatic arch superior and

inferior (right and left)

Lower point of the mastoid

process
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77,78 Nasal floor

79,80,81,82,83,84 Occipital condyles
85 Sella turcica

86,87 Infraorbital foramen
88,89 P2

Antero-posterior midpoint
along the nasal floor

(Left,Right)

Most superior, external and
inferior margin of the occipital

condyles

Central midpoint on the sella

turcica

External alveolus at P2

Table S4. Landmark configuration applied to the modern human ontogenetic sample.

0.06 0.08
1 1

0.04
1

PC2

004

1 Esjuv

adu

0.02
1

adu

-0.06

-0.05 0.00

PC1

0.05

Figure S2. Principal Component Analysis of four modern human specimens landmarked in 5 different

occasions showing the intraobserver error.
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Figure S3. Accuracy test to compare the performance of TPS (a), geometric mean substitution (b) and
regression (c). Five randomly chosen landmarks (Im 1, 5, 10, 20, 30) were removed from three specimens
(ANATS800, HI001, HPN0O02) and estimated using the three methods. Then, the euclidean distance (in mm)
between each of the original landmarks and the estimated ones was calculated for each individual and

plotted.
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