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Abstract

One of the most intriguing question in the human evaiufield regards the evolution of human bipedalism.

The development of bipedal locomotion was gradual during evolution, and with the increase in discoveries of
fossils and, in particular, in discoveries of pedal bones, the attention to this probleasajiown in the last
decades. Moreover, the discoveries of juveniles fossil foot bones has led the attention to the evolution and the
development of bipedal locomotion. The study of the development of human gait in children may help in
shedding light to th development of human locomotidrhe human talus plays a pivotal role, linking the leg

to the foot and receiving and distributing the weight, while permitting a wide range of foot movements. It is
also present at birth, and this makes a perfect boriady ® disentanglbow the bone structure acts to cope

with the changes in locomotion and body weidfgre, | analyze the external and internal morphology of the
human talus from the perinatal period to adolescence, to investigate how the differenpfithesequisition

of bipedal gait affect talar morphology, and how the bone copes withettgt gain during growttResults

show that the talanternal and externahorphologies change in line with the different activities and loading

of the foot. litially, at around birth, the talus has a very globular and immature external shape, with a very
dense trabecular architecture, composed of thin, numerous, and densely packed trabeculae, with a rather
isotropic structureExternal and internal morphologiebange in relation to the different loading patterns
which follow during growth showing a more specialized structure, both in the external and internal
morphology, linked to the maturation of bipedal locomationtil the aduHike pattern is reachedudng

adolescence.
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Chapter One
Dissertation introduction

1.1.Human Bipedalism: an evolution that tookmillions of years

One of the most intriguing quest®m human evolution concerns the evolution of bipedal locomolidsa.
undoubtedly true that the development of human bijgdalas one of the most significant adaptations of the
hominin lineagdHarcourtSmith & Aiello, 2004) Nowadays, mdernhumansarethe only bipedal mammsl

and share this characteristic with some extinct hominins that have engaged in obligate bipedal locomotion, and
some otherfiominoid primateshatsometimesngagan bipedal locomotionThe term bipeds derives from
the latinbipes;adis, and it is useddr all the animals that walk on two fe€br example, mong vertebrates,
also birds and bats are bipeBsit thepeculiarity of human bipedalism merits attentiosiace it has evolved

in a perfect mechanism, unique in its gefitee upright walking is s as a distinctive feature that marks the
divergence between hominins and ap@anans are considered, after the first few years of life, aliligate
bipeds, since in normal conditions, this is the only form of locomotiés.general knowledge thabligate
bipedalism arose circa 258 Ma, linking its appearance to the geHosna The more recent hominin species
are considered fully bipedal (e.glomo antecessor, H. heidelbergensis, H. neanderthalensis, H. Japiens
(HarcourtSmith & Aiello, 2004 Trinkaus, 1983; Aiello & Dean, 19%0ts first appearance in tHeminn
lineage is still matter of debate, even tholdhmo ergaster(1.8 Ma)is thought to behe first obligate
terrestrialbiped(HarcourtSmith and Aiello 2004)Despite ngedal fossil remains have been found thag
taxon has beeconsideredully bipedalthanks to both the postcranial evide(Reff et al. 1993and the lleret
footprints (Kenya) which have been associated Homo ergaster/erectuBennett et al. 2009)These
footprintsshow the presence afmoderatelyadducted hallux, with an angle of 14fith respect tdahe 8° of
modern humans prints ammithe27° from the Laetoli prints), a medial transmission of the weight before push
off and the presence of a medial longitudinal d&#nnett et al. 2009 hese footprints, dated back to 151
1.53 Ma, provide one of the earliest@smce of a modern humdike foot anatomy(Bennett et al. 2009)
Early hominins, thoughmay have doubtlessly wadll on two legs, but probably this was not their only
locomotion(DeSilva, 2009) They were, probably, habitual biederrestrial bipedalism has been proposed
for australopiths, and confirmed by the Laetoli footprints (3.6 Ma), generally attributectarensigWard
2002; DeSilva 2009; Raichlen and Gordon 2017; Drapeau and Harmon 2013; Ryan et al. 2018; Masao et al.
2016) Moreover the paucity of fossiremainsand thér fragmentarinessepresents one of the biggest
impediment to our expanding knowledge on dhgument making it even more difficult tonfer locomotion
behaviors from fossil6Schmitt 2003)

There are three types of bipedalism:

- Facultative bipedalisnirhis form of locomotion iassumed temporally in order to perform particular

tasks, e.g. chimpanzees can carry objects with their hands while walking on two legs

- Habitual bipedalismThis form of locomotion is typically used, but is not the only locomotion form
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- Obligate bipedalis. This is typical of those hominins where bipedalism is the only type of terrestrial

locomotion.
Great apes, like bonobos and chimpanzees, can engage in other type of locomotion such asddkirakle
guadrupedalism, and also brachiations, climbinggalg and swinging. But they can also engage, for short

period of timesin bipedal locomotion.

1.1.2.Human gait cycle

The modern human gait cycle is a very complex function that we perform daily without even noticing. It is
composed by two main and alternating phases: the stance phase and the swing phashe &aaltegnating

phases, the body weight is transferredrfrone foot to the other, from side to side. The stance phase begins
with an initial contact,e.g.heslt r i ke, and t he f oot beg(MooandbDalleys s u me
2018) During this movement, the knee is fully extended and the foot is dorsiflexed to permit the calcaneus to
touch the ground first. The forces are transmitted to the ground with the lateral side of the foot, and the foot is
flat on the ground, in loading response. This marked the passage to the midstance phase, when the body weight
is completely on the bearing foot. At this point, the foot, acting as a lever, passes the forces medially and over
to the ball of the foot, then the stroptantarflexors muscle contract, pushing the forefoot down, generating
propulsive force and resulting in the ptfy with the anterior part of the foot pushing against the ground and

lift off, as the body continues to move forward. During this phaséo#seflex to grip the ground, augmenting

the push off initiated from the ball of the foot. As the hallux leaves the ground, this action, knowsofs toe

ends, and the leg engages in the swing phase. This phase starts when the toes leaves the gnosnalitiind

the next heel strike. During the swing phase, the foot is off the ground, with the knee and hip both bent to
permit the body to move the leg forward, to the next step, e.g. heel strike. Stance phase is a little longer than

swing phase.

1.1.3.Development of gait

The acquisition of bipedalism is a complicated process that irvdde¢h the musculoskeletal and
neuromuscular structuré€hagas et al. 2006puring the first 1218 months, the fast growing pace, with legs
growing faster than the trunk, promotes the development of bipedghdaiph and Avolio 200Q)during

which the disproportion of the cranium and the rest of the body de¢(&aasgas et al. 2006p0ne important
morphological and anatomical differences between juvenile and adults explain some of the differences between
immature and mature locomotion. Toddlers have not yet completely developed balance and movement
coordination skill{Sutherland 1997)and the instability during gait is one of the most important characteristic

of the immature locomotio(Sutherland et al. 1980; Bril and Breniere 1991; Adolph, Vereijken, and Shrout

2003) Toddles usually have a wider walking base, and produce narrow steps at a slo(.@adne 2012)
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But before standing fully werect, toddl er sf oaurred nc
guadrupedal behavior (i.e., using hands and knees, rarely on hands arféiiged) 1993) This form of
guadrupedalism is different from the one we can observaher primates, and the similarities are only
mechanical, without necessarily implying any phylogenetic relationghliitbol 1993) The two main
different locomotor behaviors (e.g., human quadrupedalism and bipedalisroften intermingled for a
certain period of time, and the timing differs fromldho child (Abitbol 1993; Berger et al.,1984Yloreover,

due to the many anatomical differences between species, e.g., the human bigger heads, quadrupedalism
requires more muscular energy in humans, than bipedalism. These postures are uniquedesarspthey
appearance varies across cultu(€owgill and Johnston 2018)Jsually, there are some recognizable
milestones even if it should be taken into account that individual variability and cultural influence could affect
them; nonetheless, children generallgrstrying to sit upright, with the head well balanced over neck and
shoulder at about six months; they then start usually moving on all four at about nine months, and gradually
they stand in the upright position and start walking unaided at about twehtbsnacquiring the basic skills

to perform a stable locomotion during about the first two months of prgCiiegas et al. 2006puring this

phase, steps are highly irregular and with a hightegpep variability, helpful to maintain balance while their
muscular control system is still immaty@utherland et al. 1980; Adolph, Vereijken, and Shrout 2003; Clark,
Whitall, and Phillips 1988; Thelen 199Between 10 and 17 months, during supported locomotion, children
can carry the body and try to propel it forwards but needed to be suppodeqtiolling the equilibrium
(Forssberg 1985) According to Berger and colleagues (1984) infants usually starts to walk gradually
unassisted, and initially almost all the efforts are put in trying to hold the body in equilibrium while standing
fully erect, rather than in propelling the body forwéZeininger 2013; Berger, Altenmueller, and Dietz 1984)

To cope with the balance issues, infants have a dominance of hip and kneegxtamtients during stance
(Hallemans et al. 2005)vith no active pusioff at the ankle joint. In this phase, the vastus medialis and gluteus
maximus playa pivotal role for balance control, accordingQkamoto and colleagu¢2003) Mediolateral

trunk oscillations are significantly higher mew walkers as well, reflecting variation in joint angles from the
ankle through the pelviBreniére and Bril 1988; Raichlen et al. 201After 3 to 6 months of practice, after

the very beginning of locomotion, it is possible to see significant improver(itand Ledebt 1998)and

the more they gain experience, the more they grow stramgl withgreatercontrol over the movements.
Steps become longer, narrower and straighter, and the pattern is more constant, withtlesgegieriability
(Sutherland et al. 1980; Forssberg 1985; Adolph, Vereijken, and Shrout 2003; Raichlen et aKriziEkbare

less flexed (Zeininger, 2013) and the balance skills improved, especialeyavhone ledBreniere and Bril

1988; Hilgard and McGraw 1945; Peders&tgrksen, and Vereijken 2002)lso the pace increasein
correlation with the increase in step length, more than in step freq(lerey, Klemms, and Mduiller 20Q8)
Between 2 and 3 years old, children start to gradually assume aslilaglydaittern, and the improvements
increase more rapidifPreis, Klemms, and Miller 20Q8pther scholars reported that a more malilieegait

is observable after roughly 4 months of unaided walking ac{i@kamoto and Okamoto, 2001; Hallemans et

al. 2005) while Forssberg and colleagues (1985) reported that no dramatgeshzave been observed in the
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gait pattern after the beginning of unassisted walking. Accordigytoett and Johnsofi971) chil dren
gait patterns resemble the adules after circa one year of unaided walking experience, and it slowly continues
developing until at least 4 years of dByan and Krovitz, 2006}-inally, other studies reported that bipedalism

is not fully developed until 7 or 8 years of d@ernstein et al. 2000; Breniere and Bril 1988; Sutherland et al.
1980; Bril and Ledebt 1998Another difference between adlike locomotion and children pattern, is the
absence eddt otehoevarohtterdHallemans et al. 20060 increase the base of support, all the
foot touches ground, and the pligradepositioned foot is lifted at the end of the stance phase. This help the
immature walkers in controlling the equilibriufHallemans et al. 2006The aduHike transfer of the center

of pressure from lateral to medial side develops around 18 m@ehsch et al. 2004while the heel strike
pattern does not develop until-28 months, on averagéeininger 2013)At this age, the muscle associated

with plantarflexion are sufficiently strengthened to permit aaib@hase an@ more mature knee flexion and
extension(Zeininger 2013)Longitudinal arch is present, even if in a very slight way, at k@tmningham,
Scheuer, and Black 2016} is though coveredybthe fat pad present in the neonatal and toddler foot, that is
need to protect the foot. It begins to develop when walking activities starts, and it continues to develop until
four to six yeargBertsch et al. 2004)When the longitudinal arch is developing, peak plantar pressures on the
fore- and hindfoot increase while pressure is reduced in the midfoot, reaching adult levels between 5 and 6
years(Bertsch et al. 2004; Zeininger 2013; Saers 20A¢rording to Sutherland and colleagues (1980),
numerous other factors canfluence the timing and duration of the phases of development of bipedal
locomotion, before gait patterns normalize with the finale achievement of mature gait. In fact, children learn
day by day how to avoid problems like falls (troubleshooting skillg)raving the pace and length of the steps
(Adolph, Vereijken, and Denny 1998dapting their movements to the different ground surf@®ésiph,
Vereijken, and Denny998; Adolph et al. 1997; Adolph and Avolio 2000; Bertenthal, Campos, and Barrett
1984; Campos, Bertenthal, and Kermoian 198#&)ong the other variables, the increasing body size and the
neural maturation are of relevant importance. During the fiyata®s of life, the general chubbiness (e.g. the
Ponderal Index) is replaced by a st@r body shape, with an increase in muscle m@&samer 1944)
According to Adolph (2003), in children neither body dimensions naodgedifferences may be directly
correlated to locomotion skills, while in adults they are correlated (longer legs, longer steps). In the meantime,
the brain continues to grow and it reaches the 70% circa of its adult WEkgither et al. 1996Johnson
(1998)stated that there is a fast activity in the glial cells and a fast synaptic growth in the visual cortex, leading
to an increase ielectroencephalograativity in the frontal lobe during the onset of the locomotion activity
(Bell and Fox 1998)By age four, the central nervous maturation approaches adult levels, after which gait
differences between adults and juveniles come down largely to allof8atherland 1997However, patterns

of muscle activation do not fully resemble those of adults until the child reaches roughly 15 years of age
(Sutherland et al., 1980; Sutherland, 1997). All these descriptions highlight the highly variegate patterns in
children locomotion, and the difficulty in trying to find common milestones. There is no accordance in the
timing of the achieving of the locomoti milestonesdue to thehigh individual variability, and also an

interpopulation variability.
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1.1.4.Anatomical modifications

During evolution, bipeds went through huge skeletal modification, from the skull to thefpetfectly adapt

to this new locomotion.Human skeleton is highly specialized, especially in the lower limb and foot.
Maintaining balance is more complicated, when walking on two legs, e.g. with less support base area. In the
skull, the foramen magnum changes posificendi et al.2020) and it is positioned more anteriorly than in
quadrupeds, which display also a flattened and horizontally disposed nuchal plane, where the potent nuchal
and neck muscles attach. Another important adaptation is seen in the vertebral columng Wihcte

different balance, the human rachis developed two main curvatures: primary and secondary ones. The primary
curvatures develop during fetal life in the thoracic and sacral vertebrae. The secondary ones, develop after
birth, and are the cervicahd lumbar curvatures. These curvatures help maintaining the center of gravity closer
on the bodyb6s midline, an dealCshapedspine, anchwhenftheyeehgage it h e
a bipedal gait, they must bend the knees to keep bal@heeswlution ofthelordosis(i.e. the inward curve

of the lumbar spinethough, poses other challenging for pregnant females: during pregnancy, lumbar lordosis

is accentuated to maintain the center of gravity in the right position, while compensating iftertase

weight.

The pelvis also faces numerous adaptations to cope with the different balance. Modern humans coxae, in fact,
are short and wide, with a large acetabulum to well accommodate a large femoral head which must support the
increase in body weig through the hip during locomotion, and a prominent anterior inferior iliac spine where
potent muscles attackvith a short and wide sacrufhe distal part of the femur has a different angle, e.g.
valgus, and larger condyles surface. This results ikrtbes closer together, and the feet directly placed under

the center of gravityin females, the pelvis is wider, to cope with the bigger head size of the human neonates

1.1.5.The foot

From the hominoid foot fossils from early Miocene &23/a circa), through the hominid fossils from the
Pleistocene, iiman foot havgreatlyevolved(McNutt, Zipfel, and DeSilva2018) becoming a highly derived
and specialized structureeging the only structure that directly made contact with the gr@tdatourtSmith
and Aiello 2004; Holowka and Lieberman 2018; DeSilva et al. 2019; McZipfel , and DeSilva2018)
Thanks to itanatomical characteristios,g.a stiff longtudinalarch, adducted hallux, short tpesd complex
talar structure which, in synergy with muscles and ligamsigaificantly participate in forming a stiff lever
(Farris et al. 2019)humans perform bipedal locomotion withlative low energetic effortsThe skeletal
morphology of the foot ientral to reconstructing the evolutionary history of bipedali$he foot is
composed by26 bones 7 tarsals, 5 metatarsals, and 14 phalanghs. tarsus, e.g. hincand midfoot,
comprehendshe talus, calcaneus, cuboid, navicular, and the three cuneifbh@agdalus, known also as the

ankle boneis of pivotal importance as has the role to unite the foot and the lagd receives the weight of
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the body from the tibiat has a body, a neck and a headd articulates dorsally and medially with the tibia,

and laterally with the fibulaPlantarly, it articulates with the lcaneus and, distally, with the naviculdhe

talusis a very robust bone, and it is the only talar bone without any muscular attachments; its main role is to
receive the force from the lethyen transmits the weight posteriorly to the calcaneus, on hecdhody of the

talus rests, and anteriorly to the navicular through the spring ligament, anligaseent that is suspended
across a gap between the sustentaculum tali and the naviculgiMmmore and Dalley 2018)The talus is the

only foot bone that has no muscular or tendinous attachments. Most of its surface is covered with articular
cartilage. The talar body bears the trochlea superiorly and namtava posterior process that features a
groove for the tendon of the flexor hallucis longus, flanked by a prominent lateral tubercle and a less prominent
medial tubercleThe @lcaneuss the largest and strongest bone inftot (Moore and Dalley 2018lt receives

the bodybés weight from the talus and, wlariculatest and i
with the talus and cuboi@he naviculais a little boatshaped bone that articulates with the talog the three
cuneiforms. Thé bone is a very importarsite for tendon attachment and it plays a pivotal role in the
longitudinal archThe cuboid is the most lateral bone in the distal row of the tarsaghree cuneiform bones
(medial, intermediate, and lateralficulate with he navicular and metatarsals. The lateral articulates also with

the cuboid.The metatarsus consists of fiveet#iarsals numbered from the mediaide of the footand
articulates with th@halangesthrough the proximal phalanges

1.1.51. Foot ossification

Together with the development loicomotion, the anatomy of the foot changes, from the initial fetal phases

to adulthood, preparing the body, and the foot, tiubetional to its rolesThere are two types of ossification:
during the intrameabranous ossification, bones form by a direct differentiation of mesenchymal cells into
osteoblasts, while during the endochondral ossification, bones develop by replacing a primitive cartilage model
(Long, 2012) The intramembranousssification is typical of the cranial bones, and it starts towards the end

of the second gestational month. Endochondral ossification is typical of the long bones. It initiates first in an
avascular environment, where cells differentiate into chondrotyétsecrete cartilage matrix. Then, a thin
membrane is formed, to separate the cartilage from the surrounding mesenchyme, called perichondrium
(Cunningham, Scheuer, and Black 20Mlith different timing for each bonehondrocytes in the center
mature, and start to calcify. Contempdngr begins the vascularization of the cartilage, and osteoblast
commence to secrete the primary bone, which form the bone collar. External loading will stimulate bone
response, with the pduction of secondary trabecular struct{ifazzalari et al. 1997; Ryan and Krovitz 2Q06)

The skeletal elements do not form at the same time, but chondrification occurs in aatatabdirection for

the axial skeleton, and in a proxindiktal direction in the appendicular skeletaong, 2012) Theadult and

mature fot, asabove mentioned, ha$ 2oot, excludingaccessoria and sesamoi@siring growth, though,

there areabout46 separate centers of ossificatiaf,of which are primaryGunningham, Scheuer, and Black

2016 (Figure 1) During the fetal periodyssificaton starts first in the metatarsals, follow&dorder by distal

proximal and middlephalanges. Among the tarsals, the calcaneus is thetdirsommence ossification,
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frequentlyfrom two different primary center of ossificatioa.g. medial andgften, lateral The former is
probably of endochondral origin, and appears betweenthadt 3" month. The second onappears a little

later, between the'Sand @' months, and it is of endochondral origidsThe talus(Figure 2)commences
ossificaton after the calcaneus, but it is the first tarsal bone to show evidence of cartilage ossffBzatimer,
O6Rahi |l |y, .arhedossioatmryof thexabud mdround the 7" months, and it arises usually

from one centerbut more than one nucleus has been noted (Gardner et al., 1959). The perinatal talus has an
oval shape, with two main indentations on the plantar and dorsal surfaces that mark thegidbitiduture

sulcus tali and neck, respectively, separating the future articular facets. Laterally, they are separated by a ridge.
In the neonatal talus, the angle formed by the neck and head is reported to be areld@f 1@@ich will

increase duringyrowth to reach the adult proportions (150°). Accordingthieuer and Black004)the

reduced appearance of this angle is linked to the ideppearance of the neonatal foot. The increase of this
angle has been associated with the morphological changes linked to the preparation for walking, at about 10
12 months. Around 2:8 postnatal months, the neck appears well defined. The ossificdtibie tateral

process and sulcus tali begins around 5 months. At about 2 years of age, the posterolateral wall of the sulcus
tali is reported to develop as a downwardjecting triangular process, while the trochlea surface becomes
more round in shape (Beuer and Black, 2004). The neck surface is reported to change direction during growth
(Gardner, 06 Ra hi. Btarting from & dhedi@ideadirectibrg Buding th early fetal life, it
changes during gestation, with the increase of the angle between neck anbhleeauboid commences to

ossify around birthlts presence, though, is not a reliable sign of skeletal maturity, and it can algdrossif

multiple ossific nodules, whichill fuse togetherThe cuneiformgenerally start to ossifiyom the first year

with the lateral being the first to show ossification signs, followed by the medial cundiformthe second

year. The intermediate nonences ossification around 2.5 yeel{euer and Black, 2004). The last tarsal bone

to start ossification is the navicularound the end of the second year, and ossification may start from a single

nucleus, or multiple fodiCunningham, Scheuer, & Black, 2016)
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18 years (male)

Figurel - Stages of foot development. From Cunningham, Scheuer & Bla@{r&@dawn after Birkner, 1978)
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Figure2 - Anatomy of the growing talus. Top: perinatal; Middle: 2 years old; Bottom: 6 {d@nsal view) From Schaefer, Black, and
Scheuer, 2009.

1.1.6.0bjectives and chapters summaries

Even though our knowledge about the develammébipedal behaviors have greatly increased during the last
decades, there are still many doubts on its origins. The study of the development of bipedal walking could help
tracking important developmental milestones, offering a new perspective frorm teHmok at the different
locomotor behaviors, and connected morphologies, from the past. Moreover, immature trabecular bone is
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highly responsive to functional loadiByan and Krovitz 2006; Gosman and Ketcham 2@d@)the external
morphology is still relativelyplastic(Hellier and Jeffery 2006)making an ontogenetic study an excellent way

to further explore the relationships between ba@meksfunctionMany studies have been conducted on the foot
(DeSilva et al. 2019)and many of them have explored the taheingof pivotal importancgSorrentino,
Stephens, et al. 2020; DeSilva 2009; Saers, Ryan, and Stock 2018; Su and Carlsénc2diheéxts the lower

leg to the foot, contributes to the formation of the ankle joint, with tibia and fibula, allowing for different
movements, @. inversion, eversion, dorsiflexion, plantarflexion. In addition, it is a weight receiver and
distributor. It receives the weight directly from the tibia, and passes it downwards, through the posterior
subtalar joint, to the calcaneus, and forwards, tjinailhe anterior subtalar joint and navicular joint, to the
calcaneus and navicular, respectively. This makes the talus a perfect bone to study. Nevertheless, there are
very few study on its development, and the recent increase in juvenile fossils recovetes this problem

even more urgent to solvBtudies have been made on the juvenile ilium, for example, on the juvenile tibia,
femur, radio.Tanck et a(2001) in their experimental study on the architectural adaptation during ontogeny,
found outthat, in young pigshbonedensity starts to adapt to external load early, during growth, while the
trabecular architecture is adapted during later phases of develofentexplained the rapid increase of

bone density with the weight increase duringabdy development. Ryan and Krovitz (2006), in their study

on the trabecular ontogeny of the proximal femur, found out that the pattern of trabecular structure change
during the ontogenetic development of mature bipedal locomotion, with an initiallyrpraaacellous bone

being replaced by remodeled bone with fewer, thicker trabecular struts, confirming the previous literature
(Fazzalari et al. 1997; Parfitt et al. 200Degree of AnisotropyDA), though, is found to be anisotropic in

one of the twdvolume of Interests\(Ols) they used (e.g. the inferior volume, with trabeculae oriented in a
supereinferior direction).There is a lack of study on the tarsal t&rexcept for an analysis of thaternal
architecture of the juvenile calcang@aers, Ryan, and Stock 2028) holistic investigation of the juvenile

foot bonesis missing, and it can be of great help in many fields, not last it couldlaenawork to which
compare the different juvenile fossilfo the knowledge of the author, this is the first study to eitlyli

examine both external and internal changes in the human talus during the very early phases (from the late
gestational weeks). To achieve this gaatpmbination of methods is used to better explore the whole patterns

of changes: Geometric Morphometmethods (GMM) are used to assess, describe, and quantify the changes
in shape and form (shape + size) between different age classes, while trabecular biomechanics is used to better
understand how the trabecular architecture adapts to the changinggltiakled to the development of
locomotion.We decided to usan innovativeapproachto answer different specific questions linked to age
periods,combiningt hese anal ys$eonet appriwbhbbei n biomechanic
complete bone cobined with a more hdlepth analysis that uses pointclouds in order to statistically compare

the biomechanics resul{®eMars et al. 2020)The main goal of this dissertation isdrplorethe holistic

changes that occur in human talus during growth in a sample of modern himrgtnglying the anatomical

and functional changes of the talus, | tried to answiEvtajuestionsThe most importarihterrogatioris how

much the talar morphology changes and when, during growth, and if these changes are linked to the different
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locomotor milestones; also, how the anatomical changes covary with the development efrihktnabecular
architecture, which, thanks to its faster modeling rate, is thought to be more indicative of the changes in loading
behaviors. Though, the difficulties, when coping with so many anatomical changes, make it challenging to
directly respondd this big and complex question. This is why | tried to anskhege questions one by one

The obviousfirst question was: howoesthe anatomy evolvduring the achievement of the mature gait? How

and when the external shell starts to adapt itself to the new locomotor behaviors, and to what extent the
trabecular struts captutbesechanges? Are these changes linked, e.g. does the juvenile taluspdevelo
parallel with the changing in trabecular architecture? In Chapter Ttried to provide ananswer to thse
guestions.The analysed sample composed ojuveniles from birth to 10 years old, to better explore the
differences between nemalkers, imnature walkers and mature walkers.

Then, another question aros®w many differences there are between the external and internal morphologies
before and after the first bipedal steps? Is it still mainly driven by genetics, and when the epigenetic influence
starts to act? In Chaptehiiee | tried to better explore this probleifhe earliest phases of development are
analysed in a sample of modern juveniles from per
first by age classes, then thamae is divided into two functional groups, e.g. Hoading and loading
juveniles, in order to further analyse the differences in morphology and fabric architecture observable during
this fundamental timeframe.

Lastly, after the conquest of the maturdé,gzther forces influence talar morphology. In Chapter Foty, tio

address to this problerHere, the adolescence are included in the sample and the development and orientation
of articular facets are explored, to better understand when and howadaypsthemselves to the increased
loading due to the locomotion and substrate differences.

Finally, in Chapter Five the results of this dissertation are discuBaken together, all this results may help

with the study of juvenile fossils, helping ustimaden our knowledge on the origin of bipedalism.
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Chapter Two
Insights from morphological and trabecular changes during
postnatal growth

2.1.Introduction

Bipedalism is a unique trait of our species, and its evolution has been a hot topic in the paleoanthropological
field, and the lower liml in particular, the fodt has a main role in this qudstarcourtSmith 2002; Harcourt
Smith and Aiello 2004; Sorrentino, Carlson, et al. 2020; Mcnutt and Zipfel 2018; DeSilva et al. 2g4®)
though many mammals can practice féatide upright positional behavior for short periods of time, only
humans can practice upriglocomotionpermanently A large amount of study investigated talutionof
bipedalism, mostly focusing on the functional morphology of the adult (8oreentino, Stephens, et al. 2020;
Zeininger et al. 2016; Lewton and Scott 2017; Tsegai et al. 2017; Frelat et al. 2012] M@nise, the study
of development of human bipedalism canvidle a unique chance to shed light on the evolution of morphology
and behavior across spec{@olombo et al. 2019; Saers, Ryan, and Stock 2020; Raichlen 2005; Shapiro and
Raichlen 2006; Ryan and Krovitz 2006; Gosman and Ketcham 20831&aet al. 2015)In order to do so,
we must determine if and how the skeleton reflects the different loadings that characterize the achievement of
human bipedalisrtRaichlen et al., 20)5The loading patterns during childhood, irregular at the beginning of
the practice and more and more predictable along the way, may capture the shift from unstable to stable
locomotion and leave signs in the trabecular architecture and morphologybointhéRaichlen et al., 2015;
Saers et al., 2020). Recent works on the trabecular bone development highlighted the ability of trabecular bone
to track ontogenetic signals in the proximal fenfRyan and Krovitz 2006; Ryan, Raichlen, and Gosman
2017) distal radiugColombo et al. 2019)roximal tibia(Gosman 2007; Ganan and Ketcham 20Q%nd
calcaneugSaers, Ryan, and Stock 202The correct analyses of these bony signals, in association to the
thorough knowledge of the patterns of neuromuscular maturation and changes in muscle (MeBigtty
1935, DP43; Breniere and Bril, 1988; Assaiante and Amblard 198@)y help shed light into the human
journey towards a mature and efficient dRitichlen et al., 2015Both cortical and trabecular bone are highly
responsive to the loading environments to which they respond through modeling pr(@asded.ieberman,
and Hublin 2011; Wollf 1892; Ruff, 1982; Pontzer et al. 2006; Christopher Ruff, Holt, and Trinkaus 2006;
Carlson and Judex 2007Mhe mechanisms that regulate the bone remodeling during life are well Kdarak
2019) and it has been shown that the rate of bone remodeling during the first two years of life is higher than
in adults(Cunningham and Black 2009a,bYalker (L991)estimates that the neonatal remodeling rate is 50%
per annum, while the adult rate is 5%. Numerous longitudinal studies have highlighted the link between bone
modeling and gait developmeiMilovanovic et al. 2Q7; Ryan and Krovitz 2006; Gosman and Ketcham 2009;
Raichlen et al. 2015; Saers, Ryan, and Stock 202@8)jng it clear that most of the variations we appreciate in
adult skeletons actually develop during the pghl period. Consequently, the understhi ng of t he i
and Ahowo t hese v a(Ryantandd&mwstz 28063ma aathhorougls studyr ofiantogerietic
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changes is well suited to better urstand the adult anatomy and morphological variations. The external shape

is also very informative: it is indeed linked to its function, mainly in the articular areas, that are connected to
the joint mobility(Turley and Frost2013; Sorrentino, Stephens, et al. 2020; Turley, White, and, i)

The external shape is also strongly influenced by a genetic blueprint and by its phytogemretity(Kivell

2016; Turley, Simons, and Frost, 201@prtical bonanodel at a slower rate than the cancellous lfBEriksen

1986; Eriksen 2010naking it easier to catch functional signals in the latter. Due to the slower modeling rate,

it could be misleading tigg to correctly interpret a particular morphology, without knowing how much it has
been determined by genetic and how much by fungti@berman 1997) Consider that, the morphological
analysis of the external shape should be, in this context, accompaniled agalysis of the internal bone
architecture, that can offer important functional insigKisell, 2016).

The human talus, being located between the lower limb and the foot, plays an essential role in distributing the
weight of the bdy during walking and standing. One of its most important functions during this process is in
allowing for foot movements while efficiently dividing weight between its anterior and posterior portions,
where it articulates with the navicular and calcaneespectively(Hellier and Jeffery 2006)t is the only

bone in the lower limb with no muscular attachmé@édetenbeckand Kelly 1969) even if it has many
ligamentous attachments. The center of the talus has been recognized as a junctional region for force
distribution(Cunningham, Scheuer, and Bla@016) As such, the talus plays a pivotal role in the different
stages of human locomotion, from crawling, to initial bipedal acquisition, to full striding bipedalism at age 8
(Hellier and Jeffery 2006Unfortunately, little is known about the morphological changes of the talus during
the first years of life, when infants acquire upright posture and gait maturatiere are fewvorks on the

growing talus, to the knowledge of the authors, and both on a sanjpilepilesolder than 8 year@Hellier

and Jeffery 2006; Turley, Simons, and Frost 2018)

The ains of this chapteraretwofold: the first goal is to highlight the ontogenetic morphological chainges

birth to about 10 years of age, while the second one is to quantify the trabecular bone properties from early
infancy to prepubertal age, to better undersiehow the mechanical forces act on the human talus, ultimately
shedding light on the adult bone morphology and functiondlityinvestigate these changes, a combinative
methodological approach, i.e. Geometric Morphometric and trabecular biomechaniosehassed. Based

on previous studies on ontogenetic talar chafigelier and Jeffery 2006)e predictthatthe ofentation of

the articular facets during growthkill changeto cope with the increase in body weight and to efficiently
distribute the forces in a medial direction as gait matuBased on previous studies on the trabecular
biomechanics during growifColombo et al. 2019; Saers, Ryan, and Stock 202@hRai et al. 2015; Ryan

and Krovitz 2006) we predict also thabone volume fraction (BV/TVwill be higher in the youngest
individuals, and it will steadily decrease and then increase again after 3 years of age, following the increase in
mechanical strain. Moreover, we predict ttiee Degree of Anisotropy (DAjalues will increase from birth,

faster after th@nset of locomotion, and then the values will rise slower in the oldest age groups, as stability

of gait has been reached.
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2.2.Material and Methods

This work analyzes the postnatal development of the human talus. The sample consists of 70 modern juveni
tali aged between 8 postnatal weeks and 10 year old.

Control sample

Fourteen individuals (F=8; M=6), aged between 11 postnatal months and 11 years, came from the Collection
of Bologna, Italy, which sex, age at death, and cause of death is KBeleastro et al. 203 5ee Table 1).

The collection comprehend Italian skeletal remains from the ERdimagna region and from Sardinia, and

they were collected mostly from 1908 to 1953 (Belcastro et al., 2017). The largest part of th&REmdigna

cohort was buried in BolognLa Certosa cemetery, the biggest cemetery of the city. The importance of this
collection is given by the presence of ante mortem data, information about socioeconomical backgrounds, the
generally good state of preservation and the relatively high nurhbkildren in the collection. The birth year
ranged between 1814 and 1922 (with the majority born after 1850) and they died between 1898 and 1944. For
the large part of the individuals, the place of birth were also known. As for the jobs, women weye mostl
housewives and sewer, while men were employed in different occupations, i.e., farmer, laborer, and mason
with more frequency. The great number of famtults who died before the first year of life highlights the high
infant mortality during the mid 9" century (Belcastro et al., 2017), with a decrease of children in the collection
from the age of 3. The cohort under study comprehend individuals from Bologna and Aarewer, the

cause of deaths of the control sample show that, except for one indiB&4M), all the children suffered

from acute illnesses, and probably died suddenly. This is important, because chronic illnesses may influence

the correct acquisition of the locomotor abilities, e.g. lay down, weakness.

Archaeological sample

The rest of the study sample has been selected from different archaeological samples, with a timespan that
goes from Neolithic to modern age (Table 1).

The site of Popova zemlja is located near the town of Beli Manastir in @ajelnja County in eastern
Croatia. The rescue excavations took place in 2014 and 2015 and covered a surface of approximately 37,000
square meters (Los 2020). Two main cultural layers were identified at the site: a prehistoric layer consisting
of several Neolithic and Chalcolithgtrata, and a Roman period layer. The prehistoric layers of interest are
dated to the Neolithic period in which the remains of a large settlement and 39 inhumation burials were found.
According to the available radiocarbon dates a huge majority of Nediitimials from this site can be dated

to the Middle/Late Neolithic, i.e. between 4800 and 4500 BCE. Most of the burials were found in a contracted
position on either left or right side with different orientations. In several cases, one or more cera@sc vess
were placed by the head of the deceased (Los 2020). Four individuals from this site have been used for the
present study

Thirteen individuals are from the Norris Farms #36 (lllinois, USA) sample, housed at the Pennsylvania State

University, for whichthe age at death was estimated based on tooth crown formation and dental eruption stages
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(Milner and Smith 1990)This remains are part of the Oneota culture and dated back to 1300 AD (Millner and
Smith, 1990).

The town of llok is the easternmost settlement in Croatia, located on the right bank of the Danube River. The
samples used in this studgme from two locations from this sitérstbajer (n=4pndV | at ka Kr al j evi
(n=1). Rescue archaeological excavatianthe Krstbajer siterere carried out between 2015 and 201 ey

llok Municipal Museum and the Institute of Archaeology. Itako188 graves dated between the end of 12th

and the transition from the 15th to the 16th century were investif@teaar and Rimpf, 2018)hese burials

most probably belong to the parish cemetery around the church of St. Helen thel@g6#&6f.and @18, he

rescue excavatiom V|l at ka Kr a,llef leyvhe éxpertsSrom lole Municipal Museurasulted in a
discovery of 24 burials. Archaeological context and direct radiocarbon dates date the use of this cemetery
between 1526 and 1668, i.e. chgiithe Ottoman rule over the town (Rimpf and Novak, 2020).

Nineteen individuals came from the Imperial Roman site of Velia. The site, originally founded by Greeks in
540BC (Morel 2006) is located on the Italian west coast, near Salerno (Campania, Italy). Numerous
archaeological campaigns have been held, and, during the2B083campaignFiammenghi 2003)a
necropolis withover 330 burials. This necropolis, dated back to the | and Il centuries AD, yielded both
cremation and inhumations, with numerous juvenile burials. The age at death was analyzed based on the
assessment of skeletal and dental maturation.

Five individuals ceme from the sites of Paks and nine frBerkataN 'y Yal i dTI'R. The i{wo si
(Hungary), and are stored at the Natural History Museum in Budapest. The cemetery and settlementat Perkata
Ny %l i dTI'R represent s a irptlefraisdanubianmegionfof Hanga@y wiimat s e t
the same time preserved a population from the transition period of the Gueawation(Hathazi 2004)The

site was found during a motorway constructions works, between 2009 and 2010 by the Field 8ervice f
Cultural Heritage. The cemetery counts more than 4,000 graves. All the individuals dated backtd 6fe 14
centuries AD, except for on (3421) that dated back to tHel 20 centuries AD. Ageat-death was estimated

based on the development of thecdluous and permanent tedgtioorrees, Fanning, and Hunt 1963;
Moorrees, Fanning, and Hunt Jr 1963; Smith 198/&)en no teeth were available, diaphyseal le(Stiloukal

and Hanakova 1978nd also epiphyseal fusi@ferembach 1980yere usedLaszl6 2008, 2018; Mesterhazy

Acs 2015; Szeniczey et al. 2019)

The church around the cemetery of RaBseresznygwas excavated between April of 2008 2069 by the

Field Service for Cultural Heritage. According to the buildings and to the archaeological material of the village,

it can be dated to the 4nd 16 centuries, which probably became deserted due to the expansion of the
Ottoman Empire. The #mropological analysis have been conducted between20D9. The specimens, with

a very good state of preservation, belong to 504 individuals, 263 of which were {hfeszk, 2013
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Table 1. Study sample. The specimens are ordered by agehfgmungest to the oldest.

GM Trabecular
Site Specimen Period Age at death  Age class Cause of death M Biomechan
ics
Norris Farm 821369 1300 AD 8 weeks \% \Y
. T305
Velia us1344 Roman 0-3 months \% \%
Norris Farm 821045 1300 AD 3 months \% \%
. T300
Velia us1167 Roman 0-6 months \% \%
. T441
Velia Us2538 Roman 0-6 months \% \Y
. T368
Velia 1S2069 Roman 0.751 year \% \%
. T398 0-1 years
Velia US2239 Roman 6-8 months \%
. T442
Velia US2545 Roman 6-9 months \Y,
Norris Farm 821051 1300 AD 7.5 months \% \%
Bologna BO58_M XX Century 11 months Bronchitis \% \%
Acute meningitis
Bologna BO60_F XX Century 11 months (brain fever) V V
. T289
Velia us1098 Roman 9-12 months \%
. T434
Velia us2454 Roman 1-1.5 years \% \%
. T415
Velia us2344 Roman 1-1.5 years \Y, \Y,
Norris Farm 821046 1300 AD 1.5 years \% \%
Norris Farm 821014 1300 AD 1.5 years \% \%
Bologna BO14_M XX Century 1years 5 Chronic enteritis ~ V Vv
months
Perkzt"’.‘g'\l'y‘g' 516 14-16th c. 1.53 years v v
Perkata-Nydli
dTI R 655 14-16th c. 1-3 years \Y, \Y,
llokKralievica G24 16th-17th century 1.52 years \%
. T286
Velia us1071 Roman 1.52 years \% \%
Bologna BO14_F XX Century 1year9 1.1:3 Enteritis Vv v
months years
Norris Farm 821026 1300 AD 2 years \% \Y
Norris Farm 821207 1300 AD 2years \% \%
Norris Farm 821069 1300 AD 2.5 years \% \%
Norris Farm 821113 1300 AD 2.5 years \% \%
Per"zt"’.‘f'\l'y‘g' 639 14-16th c. 253 years v v
Perkata-Nyli 3421 1012th c. 2.53.5 years v v
dTI R
llok G22 13th-15th century 2-3 years \% \%
. T379
Velia us2143 Roman 2-3 years \%
. T411
Velia Us2319 Roman 2-3 years \% \%
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Bologna
BeliManastir
Norris Farm
Norris Farm
Norris Farm

Bologna

llok
llok
llok
Paks TO-18
Paks TO-18
Velia
Velia

Paks TO-18

Perkata-Nyuli
dTI R

Norris Farm
Velia
Bologna
Bologna
Bologna
Bologna
BeliManastir
Paks TO-18
llok

Velia
Bologna

Bologna

Perkata-Nyuli
dTI R

Velia
Perkata-Nyuli
dTI R

Bologna

Paks TO-18

Perkata-Nyuli
dTI R

BO7_M
G6
820683
819938
821214
BO48_F
G72
G70
Gl
997

1166

T209
usl1379
T342
us1546

1846
4263

821012

T375
us2129

BO5_F
Parma7_F
BO6 F
BO1_M
G20
1164

G55

T390
us2207

BO4_F

BO11_F

435

T333
us1489

1575

BO6_M

1865

752

XX Century

Early/Middle
Neolithic

1300 AD
1300 AD
1300 AD

XX Century

13th-15th century
13th-15th century

13th-15th century

14-16th c.
14-16th c.
Roman
Roman
14-16th c.
10-12th c.
1300 AD
Roman
XX Century
XX Century
XX Century

XX Century

Early/Middle
Neolithic

14-16th c.

13th-15thcentury

Roman

XX Century

XX Century
14-16th c.
Roman

10-12th c.

XX Century

14-16th c.

14-16th c.

2 years 9
months

2-3.5 years
3 years
3 years
3 years
3 years
3-4 years

3-4 years

3.54.5 years

3-5years

3-5 years

4 years ca

4 years ca

4-5 years

4-5 years
5 years
5 years
5 years

5 years

5 years 10
months
5years 8
months

5.56.5 years

5-6 years
5-6 years
5-6 years
5 years

6 years

6-7 years
6-7 years

6-8 years

7 years

7-8 years

7-8 years
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Perkata-Nyuli

dTI R 2123 10-12th c. 7-8 years \Y \%
BeliManastir G31 Early/l\/l@dle 7-8 years \%
Neolithic
. T320 .
Velia us1431 Roman 7-8 anni \% \%
. . Early/Middle
BeliManastir G1 Neolithic 7-9 years \%
Congenital
Bologna BO40_M XX Century 9 years myxedema \% \%
. T138
Velia US1636 Roman 9-10 years \% \%
Total of specimens for each analysis 65 64

All the specimens were selected based on their good condition, with minimal or no damages. The left side was
preferred; when the left talus was missing or incomplete, the right one was selected instead, andAflirrored.

the specimens were scanned in défe facilities (see Table 2B5cans were reconstructed ashli6TIFF

stacks, and Image J was used to inspect the scans and evaluate their quality. When the trabecular bone showe
signs of damage or rarefaction due to pathological or diagenetic cagsspetiimen was excluded from the
analyses. Avizo 9.3 (Visualization Sciences Group, SAS) was used poguess the reconstructed scan data

(e.g. crop or resample). Where heavy sediment or mummified tissues were present, they were removed in
Avizo 9.3 usng a Wacom board and the Avizo pdmmush tool in the labelBeld. A White Hat filter was

applied (to the Norris Farms#36, Beli Manadtok, and Velia samples) to improve the contrast between bone

and the heavy sediment present into the bone. Inag®esdn which this contrast was impossible to improve,

the specimens were excluded from the analyses. Segmentation of the image data was performed using the MIA
clustering methodDunmore, Wollny, and Skinner 2018 short, this method uses arkeans algorithm to

cluster the CT images into specific classes determined a priori by the user. This clustesasegisn voxel

or pixel intensity. Therefore, a fuzzyngeans algorithnifDunn 1973; Bezdek et al. 198i8)applied to cope

with the scanning artifacts or different levels of mineralization of the specimen or thewmih¢re, Wollny,

and Skinner 2018 and the class membership probabilities ateutated. Finally, voxels are attributed to the

class with the highest membership probability. All the process results in a segmented dataset. All the output
used here are raw files, linked to Metalmage files (ITK). The sample was then divided intgdalasses,

as described in Table 4.

2.2.1.Age Classes

The sample was then subset in four age clabssed on the classifications explained by Swan (202M)e
3) as follows:

- Neonates and toddlers-{0years). This group includes both infants who are not able to walk
independently and infants who engage in a mix of (in)dependent locomotor behaviors, e.g. cruising,
crawling, walking with aid.

- Early infancy (1.13 years). Thistage includes infants who are able to walk independently, engaging
in an immature toddling gait.
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- Late infancy (3.16 years). In this subset, infants engage in an intermediate phase between immature
and mature gait.

- Childhood (6.110). This stage comprehgs children who achieved mature locomotion.

Table2. MicroCT information: facilities and range of voxel size

Sample Facility Voxel size(l)
Bologna Center for Quantitative Imaging (CQBennsylvania State University A (USA) 20-38
Norris Farms Center for Quantitative Imaging (CQBennsylvania State Universjty A (USA) 12-26
Velia The Abdus Salam International Centre for Theoretical PhyFEisste Italy 1830
Beli Manastirand llok University of Zagreb, School of Medicingagreb, Croatia 1829
Paks and Perkata The Abdus Salam International Centre for Theoretical PhyFEitsste Italy 1830

Table3. Age classes

Age classes Group Name Individuals per classes
0-1yrs Neonates and toddler 12
1.1-3 Early infancy 25
3.1-6 Late infancy 21
6.1-10 Childhood 12
Total 70

2.2.2.Geometric Morphometrics Analysis

To cope with the different morphologies of the growing talusjramal template of 236 (semi) landmarks (8
anatomical landmarks, 45 curve semilandmarks, and 184 surface semilandmarks) was created in Viewbox 4
(dHAL Software), on a 1.9 yeanld female specimen (BO1H). The aim of this template is to follow the
morphobgical changes in the gross morphology, related to the ontogeny, from the newborn talus throughout
infancy and preadolescence (Figus& and 4 Table4-5). The (semi)landmark configurations were applied to

all the targets. To be considered geometrically homolofjditgeroecker et al. 2013; Gunz and Mitteroecker

2013) semilandmarks were allowed to slide on the curves and surface, to minimipéatkispline bending
energy(Slice 2006petween template and targets. Then, semilandmartesallowed to slide against recursive
updates of the Procrustes consen@®shlf and Slice 1990)The coordinates were then registered with a
Generalized Procrustes Analysis (GPA) where the size was removed and the specimens were scaled and

translated. The GPA was performed in R, usinggeomprphre an C Adams and .Ot 8r ol a
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Figure 3 - Configuration of (semi)landmarks. A) Dorsal view; B) Palmar view; C) Medial view; D) Lateral view. Landmarks are
represented in purplecurve semilandmarks are in green, and surface semilandmarks are in yellow.

Table4 1 List of anatomical landmarks. Type of landmarks according to Book@ewkstein 1997b)
Label Descripion Type of landmark
1 Point of contact between head and anterior calcaneal Il

Point of contact between head and lateral ridge Il
The most posterior point of the anterior calcaneal face 1l
The most anterior point of the posteraacaneal facet 1l
The most lateral point of the posterior calcaneal facet 1
The most posterior point of the posterior calcaneal fac 1
The most posterior point of the lateral neck 1l

o N o o b~ WDN

The most posterior point of the lateral neck 1l

27



o o . WO 9 Qo e
\? ) Q o
oo o W °09d % *s oLris
0 Q‘ +] ° & @ T\ W
9 ® | b ) 9 * ] 8o
g > ] o Y - @ v® "
@ ¢ "] (=} ¥) o > ° 5 N
° © o )
] - > o o ol ® . @
*J . [+] 2 w e <
f v I’

d 9o " > o % ° 9" T
L3-LY o ? et
> 2 Qo o o . . <

7 ¥ e”L1L3 o - ° S
0w ;“’"Q.. q 2 o > @ O
~ e o 3-L .. -
el =
*“ 9 J’)J‘)ff}._;y - ° 0,
L oe © Q
y L6-L4»
L4—L5;.r-‘-j‘)—7¥--..‘ og”
Weg o Aad e
[* alire - o _ o
L5-L6

Figure4 - Configuration of (semi)landmarks. Curves (green points) are highlighted.

Table5 - semilandmarks

Semilandmarks on curves N
Curve LEL2: Head 9
Curve LEL3: Medial border of the anterior calcaneal facet 3
Curvel3-L2: Inferior Head 9
Curve L3L4: Sulcus Tali 3
Curve L4L5: Anterior margin of the posterior calcaneal fac 6
Curve L5L6: Posterior margin of the posterior calcaneal fa 6
Curve L6L4: Medial margin of the posterior calcaneal face 5
Curve L7L8: Posterior megin of the neck 4
Semilandmarks on surface N
Neck 10
Head 30
Posterior Calcaneal facets 11
Sulcus Tali 23
Lateral ridge 10
Lateral side 23
Posterior side and trochlea zz

Medial side

A shape and form space Principal Component Analysis (PCA) was carried out on the Procrustes coordinates
to exploretalar shape variation during growth using MorggBohlager 217). First, a Shapiro Normality Test

and a Levene test were performed, to assess the distribution of the data and its homoscddestjbisged

on the fulfillment of the assumptiothe respective parametric or aparametric testsAnalysis of Variance
(ANOVA), KruskatWa l I i s rank sumhodtesst andubawnaéstptbndany) wer
significance variance between group means al ong t
was perform to asses if shaygriations were related to size. The variations of size and shape where analyzed

in Procrustes form spacEollowing GPA, patterns of size and shape variation in the talus were analyzed
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through PCA in Procrustes form space. The form space PCA reducesvanigion in a few dimensions
retaining size information by adding the logarithm of centroid size (INCS) as an additional variable to

Procrustes shape coordinafbBtteroecker et al. 2004)

2.2.3Biomechanical analyses

After the abovanentioned segmentation processes, the trabecular and cortical bone were separated following
the protocol outlined by Gross and colleag(@2814) using Medtool 4.3 (Dr Pahr Ingenieurs e.U, 2017).
Briefly, opening and closing filters (kernel size varies from 3to 5, dependingoe s peci men) wit
growingo function wer e a fhased seipt withis Medwol ta remmavescorticati z e ¢
porosity and facilitate the creation of a uniform shell that is then filled to create three different masks, namely
outer(i.e. the outer shell of cortical bone), and inner (i.e. the boundary between cortex and trabecular region),
which separates cortical from trabecular b@@mss et al. 2014; N. B. Stephens et al. 2016, 2q%8a)Figure

5). Then, the inner mask is subtracted from the outer one, creating the cortical thickness mask. For this study,
only the inner region, é. trabecular bone, was used. Finally, a tetrahedral mesh of trabecular bone was
generated using the computational geometry algorithms library C@av(cgal.org, a mesher that creates

a 3D finite element model using Defay triangulatiorfDelaunay 1934; Gross et al. 2014; Komza and Skinner
2019)

Quantification of bone volume fraction (BV/TV), which is the ratio of trabecular bone voxels relathve to

total volume of voxelgFajardo et al. 2007; Kivell 20169nd Degree of Anisotropy (DA) which describe the
degree of orientativof the trabecular strugomza and Skinner 2019)as carried out on the trabecular mesh

by moving a sampling 5 mm sphere alangackground grid with 2.5 mm spacing for each $€ainr and

Zysset 2009; Gross et al. 201BV/TV (bone voxels/total voxs) is expressed as a percentage, DA is
calculated as €Jeigenvalue3/eigenvaluel]) and is scaled between 1 and 0, where 1 is highly anisotropic and
0 isotropic, following the Mean Intercept Length (MIL). The resulted colormaps were then visualized in
Pamaview 3.14.1 (Sandia Corporation, Kitware Inc). Mean trabecular thickness (Tb.Th, mm), trabecular
numbers (Tb.N), and mean trabecular spacing (Th.Sp, mm) were cal¢tliédetrand and Riegsegger 1997;
Stephens et al. 2018)
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Inner mask (trabecular bone)

Original unsegmented Segmented and thresholded image

3D Triangulated Mesh Isolated trabecular bone

Figure5 - Trabecular quantification workflowirst, the unsegmented image is segmented and thresholded as described above.
Then the masks are created, to separate the trabecular bone.

3D gatistical compasonsbetween groupsvere perfomed followinghe Phenotypic PointCloud Analysis
protocol proposd byDeMarsand colleguegDeMars et al.202Q StephensDeMars et al.2020)for DA and

BV/TV. Briefly, trabecular meshes were alignesing a modified version of tMATLAB auto3dgm package
(Tingran Winchester, and Stephens 202Dhe auto3dgm package presents an algorithm which permits the
fully automatic placement of corresponcence points on digital models. Then, these pseudolandmarks (i.e.
landmarklike points) can be input intstandard geometric morphometrics softwéBes/er et al. 201p Here,

we used a set of 12@utomatically placegseudolandmarksSubsequently, we performedz®A using the
GeoMorpho R packagéAdams et al. 2018)and we proceeded finding the mean specimen. This step is
necessary to obtain a mean mesh by finding the cliséisé-mean specimens, on which warped the mean

GPA coordinates of all our samplgtéphens, Kivell, Pahr, Hublin, & Skinner, 2018E)e average trabecular
meshobtainedwas thertetrahedralized usingith evenlyspaced (1.75mm) pointsing TetWild(Hu et al,
2018)and vertices were converted tp@int cloud.Individual point clouds were then obtained by interpotatin
BV/TV and DA scalar value$o thevertices of the tetrahedraiesh which were then aligned by applyitige
auto3dgmtransformation matrixes followed by rigid, affine, and deformable alignment usi&mgython
implementation othe Coherent Point Drift algorithifMyronenko and Song 2010BV/TV and DA scalar

values were linearly interpolated from each individual point clouds to the corresponding points in the canonical
point cloud using SciPVirtanen et al2020, 202M) and the mean, standard deviation, and coefficient of
variation for eaclgroup were mapped to theerageoint cloudandstatistically compaitacrcss the sample.

The homologous points were compared using ataited ttest, with Pvalues correcteqFriston 1995;
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Worsley et al. 1996nd interactivelyisualized in Paraviewith figures being automatically generated using
PyVista(Sullivan and Kaszynski 2019)

31



2.3.Results

2.3.1.External morphology

2.3.1.1.Shape space

Bologna sample

The first three PCexplain 61.7% of the total vanae, withPC1 accoumng for 40.8% of the total variance

Shapiro normality test indicated that PCs scores were normally distributed (W =v&@ep= >0.5) and

Levene test attests for their homoscedastidR X Test Statistic= 0.15714,p-value= 0.9557;PC2 Test

Statistic= 0.32229 p-value= 0.8573;PC3 TestStatistic= 1.7533,p-value= 0.2085) Anova indicated that

PC1 scores are significantly differemf(= 3, Ftest= 16.06,p-value = 0.0001). This regsents ontogenetic
allometry, where negative scores account for the small globular morphology of the youngest individuals, while
positive scores account for an elongation of the entire body of the talus, due to the development of the neck,
and manifestatio of the lateral malleolar facet and only partial definition of the posterior trochlear facet. The
anterior calcaneal facet is evident in the youngest phases (negative scores), while the posterior calcaneal facet
becomes larger, less triangular, and manecave towards PC1 positive. PC2 (10.9%) accounts for a longer
lateral ridge that shortens towards the positive PC2 axis in relation to the increase in concavity along the lateral
aspect of the talus, the increased talar head size, and continued develafimeneck, trochlea, and lateral
malleolar facet. Additionally there is a subtle narrowing of the sulcus tali and a clear medial rotation of the
talar head. PC3 (10%) negative scores show a more compact shape, that becomes higher along positive values

with the development of the posterior calcaneal facet and head.

0-1 years
B 1.1-3years

3.1-6 years

6.1-10 years

PC2 ° P

PC1

PC3

Figure6 - 3D plot of the control sample (Bologna, Italy)
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Bologna and archaeological sample

ShapireWilk normality test shows that the first two PCs aoemally distributed (PC1: W = 0.97:v@lue =

0.2; PC2: W =0.98,palue = 0.7), while PC3 is not normally distributed (W =0.94ajues = 0.004). Levene

test attests for the homogeneity of variance, wittalpies >0.1. The first three PCs accounttfier 50.1% of

the total variancéFigures 78), with PC1 explaining the 27.9% of the total variance, where negative scores
(i.e. the youngest individuals) describes a small and morelikeatialus, with a small and circular depression

in the neck area, shing a notyet-defined neck. The trochlea is very small, without any lateral or medial rims

and no posterior margins. Laterally, the ridge is well defined, clearly separating the head area from the posterior
one, separateflantarly by the sulcus tali, a ide a not very deep area between the anterior and posterior
developing calcaneal facets that are both not well defined, even though the posterior margin of the anterior
calcaneal facet is better marked. Medially, the surface is homogeneous, with naomaddalhr facet. Positive

scores showed a great development of the head, less wide than in the youngest specimens, and more anteriorly
pronounced and medially rotated. The neck has greatly expanded, with a deep depression with marked rims
that clearly sepates the neck from the trochlea, head and medial malleolar facet. The trochlea is concave in
a mediolateral direction, wittvell-definedmedial and lateral margins, though the posterior rims is still not

well definad, while the anteroposterior convexitycreases. Laterally, the lateral malleolar facet is almost
completely developed, with the antgrosterior reduced ridge that clearly separates the sulcus tali from the
neck. The reduction in elongation of the lateral ridge is clearly explained by botleikkpment of the
posterior body of the talus and the head, and this is visible also in the sulcus tali area, narrower and deeper due
to the expansion and development of both the anterior and posterior calcaneal facets, with the former more
advanced in eévelopment than the latter, that has yet a concave shape, but it is still developing in the posterior
part, with a more trianguldike shape. The groove of tllexor hallucis longusas not developed yet. PC2
(12.1%) account for a global elongation of tialus, that grows in an antguosterior direction, passing from

a glbular shape in the youngest individual (i.e. negative scores) to a more slim and defined shape in the oldest
individuals (i.e. positive scores). PC3 (9.9%) describes small variancie ifateral surface, with the
development of the lateral malleolar process, development of the posterior calcaneal facet, that increase in size
and changes in orientation, and the rotation of the head. Analysis of Variance (ANOVA) detected significant
differences between groups along RDfl= 3, Ftest = 33.11, p 9.43e13),while KruskatWallis highlighted
differences among groups on PC3 scos-gquared= 10.507,df = 3, p-value = 0.01472. Differences

between groups among PC2 scores were not significant (ADfva3, Ftest = 0.491, ;= 0.69).Tu k ey 6 s
Posthoc testa n d D u n-hoé ®si{TRldesa and § show the differences between age grofps.ar s on d s
productmoment correlation showehat only PC1 is significantly correlated with size (corr = 0.86alpe =

<2.2e16), i.e. ontogenetic allometry (Figure 10).
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12.1% [0 0-1years
B L.1-3years
[ 3.1-6 years
B 6.1-10 years

Figure7 - 2D plot. On the left, PC1 and 2: on the right, PC1 aimdli#iduals from Bologna, fovhich sex was known, are represented
by circles (males) and squared symbols (femBliemondsepresent the archaeological samples

PC3

Figure8 - 3D shape space plot with group meaBach agegroup mean is shown in dorsal, plantar, medial, and lateral views.
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positive

PC2 (12.198%)

SAI00S

PC1 (27.985%)

PC3 (9.930%)

negative

scores

Figure9 - Shape changes along the first three PCs axes

Table6iResults of the Tukeyd6s Post Hoc test for PC1l scores
Age groups  diff  Iwr upr padj

1.1-3vsGl 0.01 -0.01 0.053 0.52

3.1-6vsG1 007 0.04 0.1 0.000
6.1-10vsG1 0.13 0.08 0.17 0.000
3.1-6vs1.23 0.06 0.03 0.08 0.000
6.1-10vs 1.13 0.11 0.07 0.14 0.000
6.1-10vs 3.16 0.05 0.01 0.08 0.002

Table 7i Results oDunn'stest for multiplecomparisons of independent samgtasPC3 scores
0-1 113 3.16
1.1-3 1.000 - -
3.1-6 0.053 0.054 -
6.1-10 1.000 1.000 0.157
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Figurel0- Correlation with size in shape space (PC1 vs logCn)

2.3.1.2.Form space

The first three PCs account for the 94.47% of total varifffigeire 11) PC1 (92.02%) PC2 (0.12%) and PC3
(0.11%). ShapirdVilk normality test assessed the normiigkribution of the PC2 and 3 scores. KrusRéllis

rank sum test for PC1 showed significant differenaésqquared = 47.936, df = 3;value = 2.198€.0),

while ANOVA did not highlight significant differences along P@¥ = 3, Ftest = 2.4, pralue =0.07)and

PC3 (Df = 3, Ftest = 1.6, pvalue = 0.1). Dunnd fostHoc test showed differences among each age class
(Table8).P e a r s 0 n Gnsomegntr cormlationtshowed that PC1 is completely driven by size (corr = 0.98;
p-value = <2.2€16) (Figure 11)

PC3

Figurell-3Dformspacepla®t t / m A& O2YL}I SiSte RNA@GSY o0& aiAl Sz IyR (4KS NBa
from the youngest on the left, to the oldest, on the far right.
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Table8 - Results of th® u n fPdssHoc test for PC1 scores
0-1 1.1-3 3.1-6
1.1-3 0.172 -
3.1-6 2.0e05 0.005 -
6.1-10 9.9e09 2.1e06 0.148
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100 150 200
talus.sample. GPA Csize

Figurel2- Correlation between PC1 and centroid s

2.3.2.Internal morphology

Mean values for the age classes are listGabie 9 while individuals values are listed in Table 1D During

the first year, the trabecular architecture is very dense, with high BV/TV values, and numerous and thin
trabeculae, verglose to each other. The mean values, for each age class, show a trend in which, at high BV/TV
and Th.N, correspond low Tb.Th and Th.Sp. Then, after one year of age, the trend is inverted: BV/TV and
Th.N values decrease, while Th.Th and Th.Sp increagggssively until 10 years of age. During the first

year oflife, BV/TV is relatively homogeneous in all the talus, with slightly higher values in the head and
posterior part of the talar body. During the second and third years (age gripehds), BV/WV values are
generally lowetthanduring the first year, but with relatively higher values in the posterior part of the body,
i.e. trochlea, lateral malleolar process, lateral part of the head. Values increase again in the third age group (i.e.
3.1-6 year$. The pattern is similar to the one described for the3lygars cohort, but with differences in
magnitude, which is higher, with values slightly lower than the ones registered in the youngest group. In the
oldest group, BV/TV pattern is once again sanilo the latter description, but with differences in magnitude,

i.e. the highest values in the sam(figure 13) DA values increase after the first year of life. At about 1.5
years, the areas that show higher DA values is the trochlea, neck andbddrsélthe head, and posterior

subtalar facet. At about 4 years of age, DA increases also in the future medial malleolar facet, while at about
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5-6 years, increased values can be noticed in the most distal part of the head, i.e. navicular facet, posterior

subtalar joint and lateral malleolar process. This pattern remains constant&fteargFigure 14)

Distal 0-1 yearstalus BVTV Average

Lateral Proximal

Distal 1.1-3 yearstalus BVTV Average

Lateral Proximal

Y-midplane Z-migplane

3.1-6 yearstalus BVTV Average

Lateral

Distal 6.1-10 yearstalus BVTV Average

-

Lateral Proximal

Z-mudplane

Figurel3 - BV/TV group average€olormaps show the differe@V/TV valueeamong age classes, whiee high and relatively
homogenous during the first year of life; after the onset of the bipedal locomotion (>1 year) BV/TV decrease and theeriagnitud
differentiated among the bone. BV/TV values start increasing again aftear3 péd.
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s 0-1 yearsTalus DA Average

Lateral Proximal

Y-midplane Z-midplane

1.1-3 yearsTalus DA Average

., )

Lateral Proximal

Y-midplane Z-midplane

Medial Distal 3.1-6 yearsTalus DA Average

Proximal

Y-midplane Z-midplane

Medial Distal 6.1-10 yearsTalus DA Average

Lateral Proximal

Y-midplane Z-midplane

Figurel4 - DA age groups averagePA is low during the first year of life, i.e. the talus is relatively isotropic. Anisotropy starts
increasing slowly after the onset of the bipedal locomotion, at about 1 year of@eaehing the highest values after 6 years of age.




Table 91 Mean values for age classes
AgeClass DA BV/TV Th.N Th.Sp Tbh.Th

0-1 year 0.18 17.71 154 0.54 0.14
1.1-3years 0.22 1599 1.15 0.70 0.19
3.1-6years 0.22 1751 120 0.65 0.20
6.1-10years 0.22 2283 115 0.65 0.23

TableDil ndi vi dual sd averages for BV/TV and

Site Specimen Age Class  Age atdeath BVITV (%) DA
Velia T305. 0-3 months 21.65 0.16
Norris Farms 821369. 8 weeks 9.82 0.12
Norris Farms 821045. 0-6 months 23.68 0.11
Velia T300. 0-6 months 12.41 0.26
Velia T441. 0-6 months 21.92 0.17

Norris Farms 821051. Neonates and /-2 months 18.53 0.16
Velia T442. toddlers 6-9 months 18.12 0.19
Velia T368. 0.751 year 18.95 0.17
Velia T289. 9-12 months 18.47 0.16

Bologna 58_M. 11 months 23.24 0.16
Bologna 60_F. 11 months 20.12 0.26

Norris Farms 820614. 12 months 5.7 0.24
Velia T415. 1-1.5 years 20.66 0.13
Velia T434. 1-1.5 years 18.6 0.27

Bologna 14_M. lyear and 5 11.8 0.23
months

Norris Farms 821014. 1.5 years 28.42 0.17

Norris Farms 821046. 1.5 years 14.84 0.20

PerkataNyuli 655. 1-3 years 10.93 0.24
Velia T286. 1.52 years 21.31 0.16

Bologna 14_F. 1.9 years 13.82 0.26

Bologna 48_F. 3 years 15.247 0.25

Norris Farms 820683. 3 years 19.14 0.26

Norris Farms 821026. 2 years 10.58 0.20
Early Infancy

Norris Farms 821207. 2 years 10.51 0.21

Norris Farms 821214. 3 years 8.71 0.25

PerkataNyuli 516. 1.53 years 17.18 0.21

llok G22. 2-3 years 10.5 0.19

Norris Farms 821069. 2.5 years 19.6 0.27

Norris Farms 821113. 2.5 years 12.76 0.26
Velia T411. 2-3 years 18.39 0.20

Beli Manastir G6. 2-3.5 years 21.12 0.17

PerkataNyuli 639. 253 13.98 0.26

Bologna 7_M. 2.9 years 16.3683 0.25
PerkataNyuli 3421. 2.53.5 years 17.48 0.24
Norris Farms 819938. 3 years 12.27 0.25

llok G70. 3-4 years 14.09 0.16
years

llok G72. Late Infancy 3-4 years 15.39 0.16

Paks 1166. 3-5years 27.02 0.17

Paks 997. 3-5years 16.58 0.25
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Velia T209. 4years 13.85 0.30

Velia T342. 4 years 15.82 0.22
Paks 1846. 4-5 years 20.88 0.20
PerkataNyuli 4263. 4-5 years 21.43 0.20
Bologna 4 F. 5 years 185 0.21
Bologna 5 F. 5 years 16.22 0.22
Norris Farms 821012. 5 years 10.1 0.30
Parma 7_F. S5years 22.41 0.26
Velia T375. 5 years 17.68 0.21
Paks 1164. 5-6 years 16.7 0.26
Velia T390. 5-6 years 15.18 0.22
Bologna 1 M. 5.8 years 16.94 0.22
Beli Manastir G20. 5.56 years 22.14 0.20
Bologna BO6_F. 5 years and 19.61 0.22
10 months

Bologna 11 F. 6 years 17.55 0.21
PerkataNyuli 435. 6-7 years 16.31 0.27
Velia T333. 6-7 years 22.81 0.23
Bologna 6_M. 7 years 16.85 0.28
PerkataNyuli 1575. 6-8 years 24 0.26
Beli Manastir G31. 7-8 years 24.37 0.18
Paks 1865. Childhood 7-8 years 25.51 0.19
PerkataNyuli 2123. 7-8 years 26.66 0.22
PerkataNyuli 752. 7-8 years 18.18 0.20
Velia T320. 7-8 years 28.38 0.21
Bologna 40_M. 9 years 13.36 0.22
Velia T138. 9-10 years 34.78 0.18

Tablelil ndi vi dual s6 averages for Tb. N, Tb.Sp and Tb. Th

Name Age Class Age at death Mean Tb.N  Mean Th.Sp (SD) Mean Th.Th (SD)
VeliaT305. Neonates 0-3 months  1.98 0.38 0.22 (0.13) 0.08 (0.03)
and toddlers

NF821369. 8 weeks 1.73 0.48 0.20 (0.10) 0.05(0.03)
NF821045. 0-6 months  2.22 0.32 0.17 (0.13) 0.05 (0.05)
VeliaT300. 0-6 months  1.15 0.73 0.36 (0.14) 0.08 (0.03)
VeliaT441. 0-6 months  1.86 0.41 0.21 (0.13) 0.08 (0.03)
NF821051. 7.5 months  1.12 0.68 0.33(0.21) 0.11 (0.07)
VeliaT442. 6-9 months  1.57 0.49 0.24 (0.14) 0.07 (0.03)
VeliaT368. 0.751year 1.56 0.51 0.23 (0.13) 0.07 (0.03)
VeliaT289. 9-12 months  1.36 0.58 0.25 (0.16) 0.07 (0.04)
BO58_M. 11 months  1.53 0.47 0.18 (0.18) 0.08 (0.05)
BO60_F. 11 months  1.38 0.58 0.27 (0.14) 0.08 (0.04)
NF820614. 12 months  1.06 0.81 0.30 (0.13) 0.11 (0.02)
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VeliaT415. Early Infancy 115 141 053 0.23 (0.17) 0.07 (0.05)
VeliaT434. 115 1.28 058 0.20 (0.20) 0.12 (0.04)
BO14 M. lyrsand 5mths 1.22  0.68 0.24(0.14) 0.08 (0.04)
NF821014. 15 1.20 058 0.25 (0.25) 0.11 (0.07)
NF821046. 15 114 0.69 0.33 (0.19) 0.11 (0.05)
PerkataNyuli655. 1-3. 0.90  0.92 0.50 (0.19) 0.13 (0.04)
VeliaT286. 1.52 1.23 063 0.33 (0.18) 0.07 (0.05)
BO14 F. 1.9 1.30 061 0.23 (0.16) 0.08 (0.05)
BO48_F. 3 122 0.67 0.27 (0.15) 0.08 (0.05)
NF820683. 3 111 0.69 0.28 (0.21) 0.11 (0.06)
NF821026. 2 091  0.92 0.53 (0.18) 0.11 (0.05)
NF821207. 2 095  0.87 0.35 (0.19) 0.11 (0.05)
NF821214. 3 1.04 081 0.36(0.15) 0.11 (0.04)
PerkataNyuli516. 1.53 1.08  0.70 0.27 (0.23) 0.13 (0.08)
llokG22. 2-3. 121  0.68 0.26 (0.15) 0.07 (0.04)
NF8210609. 2.5 119 064 0.30 (0.20) 0.11 (0.05)
NF821113. 2.5 111 0.72 0.23 (0.18) 0.11 (0.05)
VeliaT411. 2-3. 118 064 0.24 (0.21) 0.12 (0.05)
BeliManastirG6. 2-35 1.25 061 0.30 (0.19) 0.07 (0.06)
PerkataNyuli639. 2.53 1.07  0.72 0.26 (0.21) 0.13 (0.06)
BO7_M. 2.9 112 071 0.33 (0.19) 0.08 (0.06)
PerkataNyuli3421. 2535 113 0.67 0.26 (0.21) 0.13(0.04)
NF819938. Late Infancy 3 118 068 0.25 (0.17) 0.11 (0.05)
lokG70. 3-4 1.24 065 0.28 (0.16) 0.07 (0.05)
llokG72. 3-4. 159  0.49 0.21 (0.14) 0.07 (0.04)
Paks1166. 3-5. 094  0.79 0.60 (0.28) 0.13 (0.08)
Paks997. 3-5. 1.25 061 0.22(0.19) 0.13 (0.04)
VeliaT209. 4 111 0.70 0.28 (0.20) 0.12 (0.05)
VeliaT342. 4 115  0.67 0.26 (0.20) 0.12 (0.05)
Paks1846. 45, 1.07 068 0.25 (0.25) 0.13 (0.07)
PerkataNyuli4263. 45, 115  0.62 0.21 (0.25) 0.13 (0.09)
BO4_F. 5 1.23 062 0.28(0.19) 0.08 (0.06)
BO5_F. 5 1.29 061 0.25 (0.17) 0.08 (0.05)
NF821012. 5 1.01 081 0.34 (0.17) 0.11 (0.05)
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PARMA7_F. 5 122 0.60 0.26 (0.22) 0.11 (0.07)

VeliaT375. 5 1.27 0.60 0.20 (0.19) 0.12 (0.04)
Paks1164. 5-6. 1.24 0.61 0.24 (0.19) 0.13(0.04)
VeliaT390. 5-6. 0.96 0.81 0.31 (0.23) 0.12 (0.07)
BO1_M. 5.8 1.02 0.79 0.39 (0.19) 0.08 (0.06)
BeliManastirG20. 5.56 1.25 0.60 0.24 (0.20) 0.07 (0.08)
BO6_F. 5.10mtls 1.49 0.50 0.20 (0.17) 0.08 (0.05)
BO11_F. 6 1.27 0.60 0.25 (0.19) 0.11 (0.06)
PerkataNyuli435. Childhood 6-7. 1.07 0.74 0.33 (0.20) 0.13 (0.03)
VeliaT333. 6-7. 1.08 0.68 0.28 (0.24) 0.12 (0.06)
BO6_M. 7 1.29 0.60 0.23 (0.18) 0.11 (0.05)
PerkataNyuli1575. 6-8. 0.98 0.76 0.41 (0.26) 0.13 (0.09)
BeliManastirG31. 7-8. 1.35 0.57 0.26 (0.17) 0.07 (0.06)
Paks1865. 7-8. 1.01 0.71 0.33 (0.28) 0.13 (0.09)
PerkataNyuli2123. 7-8. 1.14 0.61 0.27 (0.26) 0.13 (0.08)
PerkataNyuli752. 7-8. 1.16 0.66 0.25 (0.21) 0.13 (0.04)
VeliaT320. 7-8. 1.22 0.56 0.23 (0.26) 0.12 (0.07)
BO40_M. 9 1.23 0.65 0.28 (0.16) 0.11 (0.04)
VeliaT138. 9-10. 1.14 0.56 0.23 (0.31) 0.12 (0.09=

2.3.2.1.Statistical results

T-testsfor individual points in the pointcloudshowed that there are significant differences between age
classes. Ralues are listed in Tabl@1Results showed that BV/TV differs significantly between the first two
age groups @2 months and 1:3 years) in the medial side and part of the medigigroof the head, while
between the first group and the 4.0 yearscohort, BV/TV significantly differs in a small portion of the distal
part of the head, on the lateral malleolar process and mostat¢eaior part of the trochlea. BV/TV values
are aso significantly higher between the cohorts-8.¢s 6.110, in particular in the lateral part of the talus,
lateral part of the head and sulcus tali.
For the DA, Ttest scores showed significant results among age classes. In particular, the first group
significantly differs from all the other age groups, in particular in the medial side and head-3ysheéad,
lateral and medial part of the trochlea (vs-8)land almost completely on the dorsal part, lateral malleolar
process, medial side and antegalcaneal facet (vs 610). Significant differences emerged also between the
groups 1.13 vs 6.110, specifically in the lateral and anterior part of the trochlea, lateral margin, lateral side
of the neck and medalnterior part of the trochlea. All tregnificant results of the -Tests are reported in
Figures 5 and B.Coefficient of variance are represented in Figures 17 and 18.
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Medial Distal ttest results 0-1 vs 1.1-3 years Tscore BVTV T-Score

Lateral Proximal

Distal  ttest results 0-1 vs 6.1-10 years Tscore BVTV T-Score|

Lateral Proximal

Medial Distal  ttest results 1.1-3 vs 6.1-10 years Tscore BVTV T-Scorg

Lateral Proximal

Distal  ttest results 3.1-6 vs 6.1-10 years Tscore BVTV T-Scorg

Lateral Proximal

Figurel5- BV/TV TScoresOnly the significant results are represented. Warm colors indibatgdungest group ieachcomparison.
Warm colors in the first two rows indicates that the youngest individuals, +ley®ars, have significant higher values in the medial
side of the head than the 13 years age group.-fBst results between the grouh1-3 and 6.110 reveal that the oldest individuals
have significant higher BV/TV values in the medial side of the trochlea, wéslerésults between the oldest age group in the sample
(6.1-10 years) and 1-B and 3.16 years show, respectively, thadividuals older than 6 years of age have significant higher values
in all the talus and in the lateral side of the talus.




Medial Distal ttest results 0-1 vs 1.1-3 years Tscore DA T-Score

Proximal

Distal ttest results 0-1 vs 3.1-6 years Tscore DA T-Score

Lateral Proximal

Medial Distal ttest results 0-1 vs 6.1-10 years Tscore DA T-Score

Lateral Proximal

Distal ttest results 1.1-3 vs 6.1-10 years Tscore DA T-Score

Lateral

Figure16 - DA FScore Cold colours represent thddest age group in each comparisontest results for the DA show that DA
significantly increase since the first years, after the onset of locomotion. In fact, age grediydats has significantly higher DA
values in the medial side of the head (fingb rows), whileDA is significantly higher in the 610 years age group than in the 131
group, in the anterior part of the trochlea and lateral side of the neck.




Table 12 T-test scores

BV/TV DA
0-1vs1.13 0-1vs1.13 <0.05 <0.05
0-1vs 3.16 0-1vs 3.16 >0.05 <0.05
0-1vs 6.110 0-1vs 6.210 <0.05 <0.05

1.1-3vs 63.16 1.1-3vs 3.16 >0.05 >0.05
1.1-:3vs6.210 1.1-3vs6.310 <0.05 <0.05
3.1-6-6.1-10 3.1-6vs6.}110 <0.05 >0.05
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Figurel7- BV/TV coefficient of variance. The kernel density estimate plot shows the distribution of the frequency of points for a given
bone volume fraction value based on the results from the pointlcloud analysis.
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Figurel8- DA coefficient of variance The kernel density estimate plot shows the distribution of the frequency of points for a given DA
value based on the results from the pointicloud analysis.
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2.4.Discussion and Conclusions

This work investigtes the internal structure and external shell of the growing human talus, from birth to about
10 years of age. We find out that both differs significantly during growth at different stages, both in location
and magnitude, potentially reflecting the diffet joint position and load distribution during the development

of bipedal locomotion. These results are consistent with previous ontogenetic studies of other skeletal elements
(Colombo et al. 2019; Saers, Ryan, and Stock 2820)alugHellier and Jeffery 2006)This study is part of

a wider project focusing on talar ontogenetic changes linked to the development of human bipedal locomotion.
Here we present results showing how talar external shell and internal architecture changes from the early stages

of human bipedalism through a more mature and ditelgait.

2.4.1.External morphology

Significant differences weraoted among age classslong PC1 and PC3 scor@%e first age classhow a

more shapeless talus, with a round and shallow future neck area, a round head and a small body, with a very
short and not yet marked trochlea. Medial and lateral malleolar facets are not present, while the anterior and
posterior calcaneal facetsatistinguishable, but not yet well developed. By age one, though, there is a great
advancement in the development of the lateral malleolar process, and the head commences its medial rotation,
while the neck area starts to lean and lengthen. This isw@ariant, as thisagerange (1@ 3 year s) i
phase where most of the development locomotor milestones happen. The anterior calcaneal facet starts to
develop earlier than the posterior one. This is probably due to the fact that, during theoeartietdr phases,

children havenotdeveloped yet a proper heel strike. After age three, the elongation of the talus is more evident,
the trochlea develop a slight concavity and the medial and lateral rims are visible. The headstomntitate
medially,and the lateral malleolar process sttotdevelop. As the talus grows in a dofglntardirection,

the sulcus tali becomes deeper, while the anterior and posterior calcaneal facets continue to develop, the former
ahead, the latter starts to develop @haracteristic concavity and becomes more triangular in shape,
characteristic that is even more pronounced after age six. A slight rotation of the trochlea is visible, which
becomes more evident after six years. During this phasé 1lyears) the tak has a more matuowerall
morphology, with the lateral and medial malleolar facets more defined. Only the posterior part of the body,
e.g.theposterior rim of the trochlea and posterior rim of the posterior subtalar facets have not yet reached the
adut morphology. In shape space, each age group differs significantly from the others along PC1 scores, with
the sole exception of the first two classes,, 0-1 and 1.13. In PC3, though, age group &lyears differs
significantly from the 07 1, which isexpected, and 1-2 years. The differences along PC1 scores may be
justified not only by the changes in shape, but also by the ontogenetic allometry, i.e. morphological changes
strictly correlated with increase in size, while the changes along PC3 staydse explained by the changes

in the shape of trochlea and the development of the lateral malleolar process. Statistical differences between
1.1-3 and 3.16 years denoted brusque changes in talar shape, prabgidhinable by development of the

lateralmalleolar process, the increase in trochlear curvature and the increased rotation of the head. During this

48



timeframe, in fact, a hestrike pattern is already present, and the dikdttransfer of forces from the lateral

to the medial side is developeahile the rotation of the malleoli of the ankles is completed arou@g&ars

(Fritz and Mauch 2013)The infant foot is characterized by a flat arch profile, with large coataets and

large amount of subcutaneous fat, which change with the development of the longitudinal arch. Longitudinal
arch reaches adult levels between 5 and 6 yBarssch etal. 2004) even t hough the foot
appearanceo until 10 years of age ( s e.dtsdalelepmmena et
is driven by both genetic and epigenetic factors, such as bagdkitwehysical activity and footwedFritz and

Mauch 2013)In addition, the development of the lateral and medial facets changes the aspect of the trochlea,
with an increase ithe lateral and medial rims and a deeper concavity. This, in addition with the increase in
trochlear surface aaemakes this surface more efficient in re@aipthe body weight from the tibia. All these
enormous changesay be explained by the maturatioithe bipedal locomotion, and the correlated changes

that happenenh the mechanic of gaitn addition, we observed the changes in the articular faeetscrease

in size and orientation, with consequent reduction of theamticular areas, e.g. suis tali, neckHellier and

Jeffery (2006)escribed the plasticity of juvenile talus, in which articular facets responds to inorksstng

by altering the shape and orientation, ultimately changing the direction of the force passing through them. They
tested their hypothesis on a sample of juvenile tali from 8 to 18 years. We observed that this phenomenon is
present even thoughn a lighter wayalso before the age of 8. In fact, we are able to observe how the talar
facets start to change their orientation to cope with the forces that passes through its body, neck and head.
Between three and six years, the trochlea and headatanange their orientation. From age six, also the
posterior subtalar facet starts to change orientation, rotating to a moreptadar direction. This igrobably

linked to the facthat when loaded, the trochlea receives compressive forcesheotibia, which pass directly

to the posterior calcaneal facet, downwards, and forwards to th¢hteltkr & Jeffery, 2006)From here, the
compressive forces are converted into tensile forces, and change direction to pass to the heherdrbrmayw

are transmitted to the navicular and to the calcaneus. When standing, the forces are not distributed
homogeneously but a larger amount of forces are transmitted medially, to the metgtarsallarly to the

hallux (Hellier & Jeffery, 2006).

Form spacethough, showed significant differences between all the age classes along PC1 scores, which is
completely driven by size. These differences are explained by the great increase in size during growth,
particularly during the first years, when the size offto changes enormouslt birth, the foot has reached

about 1/3 of its final lengtfMaier and Killmann 2003; Fritz and Mauch 2013; Dimeglio 20@hd most of

the foot growth occurs during the first three years of life, with the achievemahboot2/3 of the final length

(Maier and Killmann 2003; Volpon 1994; Fritz and Mauch 20T8)s is due to the fact that the foot has to

grow fast to be prepared to bear the increasing body weighking the foot the first body segment to complete

the growth proces®iMeglio, 2001).According toBertsd et al. (2004)half the adult foot length is achieved
around 1218 months of age, probably to increase stability by augmenting the foot contact areas, e.g. the base
support siz€Price et al. 2018)According to Scheuer and Black (2004), the talar facetsareelineate until

age 6. We were able to track the early formatiosoofie ofthe talar facets between birth and 10 years of age.
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This work poses another piece of information to the talar growth puzzle and, to the knowledge of the authors,
this is the fist time that both internal and external talar morphologies are explored, adding information on

postnatal talar development.

2.4.2.Biomechanics

Trabecular results show that the architecture of the talus changes through ontogeny during the devélopment o
human bipedal locomotion. From being a densermmespecializedstructure, with a high number of thin and
closely spaced struts, with an isotropic structure, talar architecture becomes a specialized structure, with less
and thicker trabeculae, more widely spaced, and with an anisotropic structure. These changjas arighin

what has been observed in other studies on the ontogeny of trabecular bone, even though in other skeletal
elements and with different methodologies (e.g. by the utilization of VOIS). There are statistical differences in
BV/TV and DA values amongge classes. BVTV differs significantly between the first two cohorts in the
medial part of the head, but no statistical differences emerged betwieamd 3.16 years groups, while
between the former and the €.Q groups, there is a significant difface in the distal part of the head, lateral
malleolar process and most lateaalterior part of the trochlea. Between the@dnd 6.110 groups, BV/ITV
significantly differs in the lateral side of the talus, sulcus tali and lateral side of the heatjlTherte density

at birth may reflect a gestational overproducfjdnquaah et al. 2015; Milovanovic et al. 201gnser bone

in neonates may be likely the result of the endochondral ossification, when bone is laid down quickiygollowi

a genetic blueprint and the rapid growth of the cartilage anlé@géavanovic et al. 2017)Subsequent
remodeling may be genetically driven and also adaptive as a consequence of mechanical strain, e.g. muscle
contractions. It is supposed to adapt later to forces produced by bipedal gait, and our results confirm this
patten. In fact, after the third year of age, BV/TV starts to increase, consistently with the weight gain and
consequently to the increase in compressive and tensile forces that passes through the talus, with the highest
values in the oldest age cohort, i.€l-60 years. Interestingly, the highest values are found in the lateral side

of the talus.

DA differs significantly betweethe first group and all the other age groups, in particular in the medial side
and head (vs 1:3), lateral and medial part of thchleaand headvs 3.16) and almost completely on the

dorsal part, lateral malleolar process, medial side and anterior calcaneal facet-1@3. &ignificant
differences emerged also between the group8 ¥<16.110, specifically in the lateral arahterior part of the
trochlea, lateral margin, lateral side of the neck and rreatakior part of the trochlea.

In general, results suggest that trabecular architecture models under the effect of mechanical strain during
development of mature bipedattmmotion. Results are consistent with previous studies on different skeletal
elementgColombo et al., 2019; Gosman & Ketcham, 2009; Milovanovic et al., 2017; Raichlen2al;

Ryan & Krovitz, 2006; Saers et al., 2020uring the first year of life, trabeculae are very dense, as seen in

the first chapter, and then modeling begins to change the structurapbgularesorption, which become

more uniformly oriented, thker, and more widely spaced. Excessive bone laid out during gestational period

is important as it serves as a calcium reserfiquaah et al. 2015)Juring he postnatal period, when the
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reduced quantities in breast milk may not be sufficient to provide for the infant fisgfusind Kerstetter

2013) but it becomes soon excessive, and reabsorbed. After the onset of bipedal locomotion, there is a constant
increase in loading and bone responds stopping the trabeculae removal)/€\gs®ps decreasin{aers,

Ryan, and Stock 2020¢hanges occur locally, and the areas of the bone that are more affected by the increa

in loading show thicker trabeculae and increased DA. The most significant changes are observable before the
development of mature gait, around Fears. Our results are in line with what Saers and colleagues (2020)
found out in the calcaneus, with bolaéd out isotropically, that becomes more anisotropic with increase in
loading. This pattern is different from what Ryan & Krovitz found in the proximal femur, where in one of the
two VOIs under study, the initial structure was anisotropic, highlightingradoable genetic blueprint
(Cunningham and Black 2009a,b)

The role of the talus is to sustain the weight of the body and transmits this weight in two main directions, i.e.
to the calcaneus and to the navicular, and it is subject tacbotpressive and tensile forces, with the former
acting on the body and the latter converted in the neck and passed forward to the head offthegaltmrces

act indirectly on the talus, which does not have any attachments, e.g. muscle, tendomngsigoitis makes

the talus an important hub of the forces that passes through it; hence, the trabecular orientations should reflect
this role. Trabeculae in the talus body are oriented mainly vertically arranged gaodniorly (Pal and

Routal 1998)facilitating the transmission of the weight from the tibia, which rolls over the trochlea surface
during walking. In the head they are arranged in sangties, parallel to each other, making it easier to transmit
forces through the middle and anterioicemeal facets and distally to the navicular facet. The neck is a

complex area, with a more irregular network that serve different dire¢f@ahand Routal 1998)

2.4.3.Doesthe internal and external changes track the locomotor milestones?

Cortical bone has a slower modeling rate than trabecular baieng theénternal architecture mosensitive

to catch functional signgland it is even more true in the case of the articular facets, since subchondral bone
is even more conservativehis is also true during ontogenetic development, when the modeling ragesmare

faster than in adults. As we were able to see in our results, the most interesting biomechanical changes
happened before the age of 5, with the changing in orientation and bone density seen soon after the onset of
bipedal gait. Thoughhe slower deslopment of the extern&lar shell continues to give information about
functional use. Taken together, th@seces oinformation may be of paramount intereBhe changes in the

internal architecture of the talus correspond to changes in the exteneaktns.

During the first year of |ife, especially during
the external shell shape and in trabecular architecture. When lookingeateimal morphologythe globular

and almost feetfree talus shape tells us that the bone is not yet ready to sustain its role of receiver and
distributor of forces. And the trabecular architecture confirms it, showing a very unspecialized architecture,
with dense and isotropic structure which doesammw any evidence of real loading yet. In fact, during this

period, children usually engage in a series of movements which does not comprehend the full loading of the
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foot (sitting, crawling, full erect posture for brief period of time, with a supddR)is relatively low, showing

a homogenous isotropic pattern.

Things start to change between the end of the first year and after the start of the second year. In fact, during
this time frame, children usually start to walk, engaging in an initial undtaddenotion, with high stefo-

step variation. This pattern slowly tends to improve with both practice and neuromuscular maturation, leading
to a more mature gait at the end of the third year, with a fulldteke and toeff, allowed thanks to the

musck maturation. Talar shape shows this improvements, with slight changes in headomnieutiation,

trochlea surface, lateral malleolar progeskich confirms our initial predictionslrabecular architecture,
consequently, records the change in strain widecrease in BV/TV, with lower number of trabeculae, which

are thicker and more widely spaced. Trabeculae which are not loaded are resorbed, promoting the modeling of
oriented struts. In particular, the lower density values are recorded in the-aragliEr side of the talus. DA

values increase, particularly in the medial side and head.

After the achievement of a more mature and stable gait, the longitudinal arch continues to develop. In the age
class 3.16, talar shape has improved, increasing the adtc of the trochlea, development of the facets,
elongation of the bone. Trabecular bone tsabks changes, and BV/TV starts to increase again in the same
areas that has shown the most an increase in size/surface and orientation/morphology: trothlaa, su
posterior facet, lateral malleolar process and the most distal portion of the head. DA increase, with higher
values in the trochlea and head.

Finally, at 6.11 10 years, when the gait reaches an dikdtpattern, the morpholodyas showedreat tianges

in the trochlea, with an increase in medakral concavity and lateral and medial rims, a proxdistal
elongation of the surface with an increase in curvature and orientakimh, ecomes more medially oriented,

as the head. This may be linked to the achieved-Kkeltransfer of weight from the lateral side, after heel

strike, to the medial side in preparation for the pohThe reorientation of the trochlea and head cailes

with the slight orientation of the posterior calcaneal facet, which shows a great increase in size and concavity,
and a change in shape, i.e. not triangular anymore. In the same areas which shows the greatest changes ir
shape, corresponds an increasd8V/TV magnitude. DA continues to increase in the most dorsal parts of
trochlea, neck, head, lateral and medial malleolar facets, and also posterior calcaneaDfmcetsults

confirm theinitial predictions,confirming a slightthangein the articularfacets orientationwhich increases

with increase in age and gait maturation, a steady decrease in BV/TV &atlias increase after 3 years of

age,and an increase in DA values after the onset of bipedal locomotion.

2.4.4 Methodological limitations

There is a general consensus about the timing of achievement of the locomotor milestones. However, slight
differences are noted between differémtlividuals and differenpopulations. These differences may be
cultural, as different studies found out tAdtican children start to sit unaided and to walk before the European

counterpartgCowgill and Johnston 2018)n this study, the sample is very variegate, and varies both
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geographically, culturally, and chronologically, and this may affect the work. In fact, we thowttdt extents

genetic and cultural differences may act on the talus.

Another problem that may affect te¥engthof this work is the use of an archaeological sample, with the sole
exception of the Bologna sampiewhich is limited, concerning childrethat diel before complete the
processes of growth. Therefore, we did not know whether the causes of deadd gffdacbehavior or their
locomotor development. We are well aware of the fact that, besides this drawbacks, archaeological sample are
pivotalin this studies. Additionally, the sample, when subsets are cattceshoo small to permit the analysis

on a yeatby-year basis. This would be helpful, in future, with the increase of the sample.

2.5.Conclusion

When considered together, the resoftshe changsin both external shell and internal architecture are very
informative During the first few years,e. 0-3 years, shape changes are slower than trabecular ones, which
demonstrate to be more accurate in capturing the differences in lo@dintpe contrary, shape changes
between the 1:B vs 3.16 years and 3:6 vs 6.110 are greater, and due to the obvious development of the
external shape, driven by both genetic and epigenetic factors (e.g., growth in size, general grawth, vs
reorientatbn of articular facets), while DA seems to stabilize after the second year, and steadily increase after
six years.

The results of this work show the important information that a holistic approach can provide to the ontogenetic
investigations linked to the studies of bipedal locomotion. This approach may help in shedding lights in the
long search of origin of human bige deambulation, most importantly when the study of fossils is concerned.
Our research shows, in fact, that the plasticity of human talus, even though driven by a genetic blueprint, may
display the presence of an epigenetic influence and, when accommnitneé study of the fasten-
remodeling trabecular bone, may open the doors to a whole new investigation strategy which may, ultimately,

help to discover new information about hominin behavior.
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Chapter Three
At the dawning of bipedalism: morphologicd and trabecular
changesduring the locomotion shift

3.1. Introduction

Loading of the skeleton is crucial to reach and uphold an adequate and functional bone mass. This is ascribable
to highly regulated mechanisms, that allow bone modeling and remodeling througjbesitiec activation of
osteoblastic and osteoclastic céPsvonka, Park, and Forwood 2018)uring the first two years of life, the
modeling rate is higher than in adults, with estimates of neonatal remodeling at 50% per annum, compared to
just 5% per annum in the adult lifgvalker 1991) Movements starts in utero and continues during the postnatal

life. Studies on prenatal movements contributed in shedding lights into the types of movements, intensity,
duration and gestational periods they occurred (DiPietro et al. 2010; Einspieler, Marschik, and Prechtl
2008) It is also well known thahe intrauterine environment is drastically different from the extrauterine one,
being the former a protected space with virtually no gravity and no loads, since the fetus lives immerse in the
amniotic fluid; though, the movements generate forces thdtiagamental in the process of growth, aiding

in shaping the bones into the adult morphol¢@grter and Beaupre 200Mechanical stimuli in utero and

during early postnatal life are vital for the normal bone development, as may serve to reinforce both bone shape
and structuréCunningham and Black 2083). The external shape of bones clearly refagenetic blueprint

and functional morphology, as the fact that shape, size, and orientation of articulastfacefly correlate

with joint mobility, body mass, and are phenotypic stglleris Ruff 1988; Lieberman, Devlin, and Pearson

2001) The external morphology retains also phylogenetic hisiaey shared similarities between species
(Kivell, 2016), which makedt even mordifficult to discern the functional aspects from genetic qKesell,

2016) Internal bone structure, however, may help to have a more complete picture. Cancellous bone is
believed to be deposed by following genetic patterns, but éserthanks to the higher rates of bone modeling,

it adapts to mechanical loads, giving better insighanh the external morphologyto the mechanical loading
patterns (Kivell, 2016). In fact, adult trabecular bone structure is the result of the lb&dory that affect

bone growth during ontogerfisosman & Ketcham, 2009; Ryan & Krovitz, 200Buring development, bone

reacts to external stimulboth changing the dimensions and orientation of articular fédetier and Jeffery
2006)and adpting the trabecular struts by redeling in response to changing load beafi@gnningham &

Black, 2009b)Skedros et al2007)showed that the final skeletal structure derived by a combination of both
genetic and epigenetic factors. Ontogenetic studies of both internal and external structures are of paramount
importance for deepening our understanding of the processes that lead to the adult morphology. To thoroughly
comprehend this process, it is necessary to disclose the growth patterns, which otherwise may remain obscured,
heading to misleading interpretatiofi@vell, 2016; Saers, Ryan, & Stock, 2020he origin of bipedalism is

still one of the most burning question which still needs samears. Numerous studies tried to complete the

puzzle of the evolution of the human locomotion, each one adding an important piece to the whol@qgicture
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example,Raichlen et al. 2010; DeSilva and Devlin 2012; Thorpe, Holder, and Crompton 2007; Sockol,
Raichlen, and Pontzer 2007; Schmitt 2003; Sylvester 20@&yer limbs experience thousands of cycles of
loading and unloading every day, and magnitaddorieniation strictly depends on the location within the

bone (Carter 1984) The importance of the foot has been broadly investig@tarcourtSmith and Aiello

2004; Fernandez et al. 2018; Mcnutt and Zipfel 2018; Smith et al. 2018;. DeSilva and Devlin 2012; DeSilva
et al. 2013; DeSilva et al. 2019t is the element that rkas contact with the ground, accommodates
irregularities of the ground while maintaining balance. Also, it supports the body weight, while serving both
as a shoclabsorber and a lever for transmission of propulsive fdtdabemans, De Clercq, Dongen, & Aerts,

2006) The adult human foot is well adapted arghly specialized to perform perfectly all these tasks, without

us noticing. Additionally, studies highlighted that g#dilthuman ankle joingi.e. distal tibig fibulaand taluj,

shows different trabecular properties from other nonhuman primates, Ipasfigcting the habitual loading
patterngSu, 2011; Barak et al., 2013; Su, Wallace, & Nakatsukasa, 2013; Su & Carlson, 2017; but see also
Desilva & Devlin, 2012) and it has been demonstrated that there are links between neuromuscula
development and trabecular bone gro@®Rhichlen et al., 2015)nfant foot, on the other harid,anatomically

di fferent and, therefore, funct i ot @lelogvergattdriseer e nt
for exampleZeininger et al. 2018puring early infancy, théoot consiss mostly of ossific nuclei and cartilage,
connected by soft tissues. At about 1 year of age, when toddlers start walking, talus, calcaneus, cuboid and
some of the phalanges contain their primary ossification centers, still surrounded by cartilaginosis tissue
(Hallemans et al. 2003Although studies on the ontogenetic changes linked to the modifications in load
bearing forces that act on the foot are still rare, both on hu(&aess, Ryan, & Stock, 2020; Zeininger,
Schmitt, Jensen, & Shapiro, 2018)d nonhumaiiTsegai et al. 2018; Gorissen et al. 20X3udies on the
growing talus arevenrarer(Hellier & Jeffery, 2006 on the development of the talocrural joifitirley &

Frost, 2014; Turley, Simons, & Frost, 2018nd do not take into account the early phases of talar grokgh.

talus ossifies from one center of ossification, and its secondary center is not always (Qreseimgham,
Scheuer, & Black, 2016) Thi s makes t he taaitmay aceounpferalftre cdvelopimge c or
stagesbeing present from the late gestational phase. Tarsals bones ossify through endochondral ossification,
e.g. by hecalcificationof a cartilage anlagewith talusstartingchondrification at 8 prenatal weeks, following

the calcaneus, and it is the first talar bone to present signals of vascularization. Lower limb buds appears at 4
weeks of age, and then digital plate starts develop(drhoff, Kawashima, and Uhthoff 1990)

Being the foot a highly derived and functionally significant region for investigating ontogenetic changes linked
to the development of bipedal locomotitinis chapter wilfocuson the earljhuman talar growth in the attempt

to add information about the development of this important anatomical district.

3.1.2.Aimsof the study

Aware of the fact that the fetal talus is not yet fully ossified at birth, we aim to stushotpbological changes
of the talus (i.e. from the ossific nucleus) from the386prenatal weeks to three years of age. Thesgdal

this studyaretwofold: 1) to explorethe globalearlytalar growth, describing the changes thaturin the
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human talugrom the last prenatal weeks to three years old, both in the internal structure and in the external
shell morphologyto broaden the knowledge on the anatomical changes deaitlgdevelopment2) and
secondly to quantify and compare the differences tlagtemist in the talus before the start of the mechanical
loads, before 6 months circa, and after the mechanical load, as the childrgittisgmnoving, and exploring

the space around him/her, first crawlangd cruisingand then walking. In fact, inmpvements appear to mature
rapidly in the first 3 to 6 months after the beginning of independent locomotion, and then they tend to slow
down (Adolph, Vereijken, and Shrout 2008ased ornprevious literaturéRyan and Krovitz 2006; Saers,
Ryan, and Stock 2020; Colombo et al. 20d@hypothesize that in the younger cohort, representing the pre
loading individuals, the trabecular bone will be densely packed and uniformly oriented, with a high number of
trabecular struts and low spacing, while in the older cohort the fabric orientation will be more anisotropic and
less dense, with lower values of batensity and trabecular numbers, more widely spaced. We also predict,
based on the fact that there is a ragigrovementafter 36 monthsof practice, after the onset of independent
walking (Bril and Ledebt, 1998pr more informationsee the first chagt), that the values of DA will
drastically increase in the older cohort, while BV/TV values will decrease steddéyto the fast modeling

rates of the trabecular bane
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3.2. Material and Methods
3.2.1.Sample

This study analyzes the early development of the talus in a sample consisting of 40 modern juvenile tali aged
between 36 prenatal weeks and 3 postnatal yearsn@uidualsbelonged to the Bologna collection, with
known age at death, sex, and cause aftd8elcastro et a) 2017. The collection comprehenttalian skeletal
remains from the Emili&omagna region and from Sardinihich were collected mostly from 1908 to 1953
(Belcastro et al., 2017). The largest part of the EARtllemagna cohort was buried in Bologna Certosa
cemetery, the biggest cemetery of the city. The importance of this collection is given by the presence of ante
mortem data, information about socioeconomical backgrounds, the generally good state of preservation, and
the relatively high number ahildren in the collection. The cohort under study comprehend individuals from
Bologna. All the children in this collection died for acute diseases. The absence of chronic pathologies, that
might have lasted through time, leads us to believe that thrtclbhs not had locomotory difficulties for
prolonged periods of time, possibly affecting the development of locomotion.
The rest of the study sample has been selected from different archaeological samples, with a timespan that
goes from Neolithicto modeageAl I t he i ndividual sé 8nformation ar
One individual is from the site of Beli Manastir, located near the eponymous city, in-Baijakja County,
eastern Croatia. The rescue excavations took place in 2014 and 2015 and ceuei@baf approximately
37,000 square meters. Two main cultural layers were identified at the site: a prehistoric layer consisting of
several Neolithic and Chalcolithic strata, and a Roman period layer. The prehistoric layers of interest are dated
to theearly and middle Neolithic periods in which the remains of a large settlement and 39 inhumation burials
were found. According to the available radiocarbon dates a huge majority of Neolithic burials from this site
can be dated to the Middle Neolithic, ietween 4800 and 4500 BCE. Most of the burials were found in a
contracted position on either left or right side with different orientations. In several cases, one or more ceramic
vessels were placed by the head of the deceased.
Two individuals came fromhe site of lloki Krstbajer, located in the eastern part of the town, about 200 m
from the border crossing between Il ok (Croatia) a
during the exploitation of sand for construction purposes in,281 1lok Municipal Museum in cooperation
with the Institute of Archaeology carried out the rescue archaeological excavation. Between 2015 and 2017
three research seasons were conducted. The excavated area covers approximately 84 square meters. Withi
thisarea, 188 graves and part of prehistoric obje€tre explored. The archaeological context, artefacts, and
radiocarbon analysis date the use of the cemetery between the end of the 12th and the transition from the 15th
to the 16th century. These burialsshprobably belong to the parish cemetery around the church of St. Helen
the Queen (Krznar & Rimpf 2018).
11 individuals came from the site of Norris Farms #36 (lllinois, USA), housed at the Pennsylvania State
University, for which the age at death wasmated based on tooth crown formation and dental eruption stages
(Milner and Smith 1990)This remains are part of the Oneota culture and dated back to 1300 AD (Millner
Smith, 1990).
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16 individuals came from the Imperial Roman site of Velia. The site, originally founded by Greeks in 540BC
(Morel, 2006), is located on the Italian west comefir Salerno (Campania, Italy). Numerous archaeological
campaigns have been held, and, during the 2008 campaigs(Fiammenghi, 2003), a necropolis with over

330 burials was discovered. This necropolis, dated back to the | and Il centuries AD, yitldecenation

and inhumations, witmumerouguvenile burials. The age at death was analyzed basddeodental and
skeletal maturation.

Four individuals came Perkabay Y4l i dTI R, Hungary, and are stored
BudapestFive individuals came from the sites of Paks and nine fRarkataNy Yal i dTI'R. The t
located ini (Hungary), and are stored at the Natural History Museum in Budapest. The cemetery and
settlement at Perkatdy %l i dTI R repr esentettlensent ip the Trdnsdanub@mregioh ~ a
of Hungary, which at the same time preserved a population from the transition period of the Cuman integration
(Hathazi, 2004). The site was found during a motorway constructions works, between 2009 and 2010 by the
Field Service for Cultural Heritage. The cemetery counts more than 4,000 graves. All the individuals dated
back to the 14-16" centuries AD, except for on (3421) that dated back to thel 20 centuries AD. Ageat-

death was estimated based on the developofehe deciduous and permanent teeth (Moorrees et al., 1963a,b;
Smith, 1991). When no teeth were available, diaphyseal length (Stoukal and Hanakova, 1978) and also
epiphyseal fusion (Ferembach et al., 1980) were usEslo, 2008|4szI6, 2018MesterhazyAcs, Zs. 2015
Szeniczey et al., 2019)

The church around the cemetery of RaBseresznygwas excavated between April of 2008 and 2009 by the
Field Service for Culttal Heritage. According to the buildings and to the archaeological material of the village,

it can be dated to the 4nd 16 centuries, which probably became deserted due to the expansion of the
Ottoman Empire. The anthropological analysis have beastumbed between 206810. The specimens, with

a very good state of preservation, belong to 504 individuals, 263 of which were {(hfzszk 2012, 2018).

Table13 - Archaeological sample and analysis informatioividuals are listed by populations
Site

. Specimen Period Age at death Cause of Death GMM  Biomechanics
(location)
BeliManastir Early/Middle
(Croatia) G6 Neolithic 235 years v v
58 M 11 months Bronchitis \%
Acute meningitis (brain
60_F 11 months fever) \%
14_M 1 years 5 months Chronic enteritis \% \%
Bologna XX ¢
(italia) 14 F 1 year 9 months Enteritis Vv Vv
7M 2 year 9 months Intestinal gastroenteritis  V \%
48 _F 3 years Meningitis \% \%
llok G_70 XX c. 2-. year \%
(Croazia) G22 X1 -XV c. 2-3 year Vv Vv
Norris Farm
(Illinois, USA) 821045 1300 AD 3 months Y,
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821369 8 weeks \%
820614 12 months \Y
821051 7.5 months \Y \Y
821046 1.5 years \% \%
821026 2 year \% \%
821207 2 years \% \%
821069 2.5 years \% \%
821113 2.5 years \% \%
820683 3 years \% \%
821214 3 years \% \%
Perk(?_itﬁ'nNggr;;“l i 516 VXV G, 1.53 years \% \%
655 1-3 years \% \%
639 2.53 years \%
3421 X-XIl c. 2.53 years \%
T344us1566 perinate \Y \Y
T417us2355 perinate \Y,
T350us1594 perinate \Y Vv
T322us1436 Perinate (369 weeks) \Y
T315us1398 perinate(3640 weeks) \% \%
T383us2175 perinate(38 weeks ca \% \%
T305us1344 0-3 months \% \Y
T300us1167 0-6 months \% \%
Velia T441us2538 Ror_nan 0-6 months \%
(italy) (Imperial Age,
T368us2069 I-Il c. AD) 0.751 years \% \%
T398us2239 6-8 months \%
T289us1098 9-12 months \%
T442us2545 6-9 months \%
T286us1071 1.52 years \%
T434us2454 1-1.5 years \% \%
T415us2344 1-1.5 years \% \%
T379us2143 2-3 years
T411us2319 2-3 years \% \%
27 40
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All the specimens were selected based on their good condition, with minimal or no damages. Specimens with
pathological signs (e.g., osteopenia) were excluded from the analyses. The left side was preferred; when
missing or incomplete, the right one was estdd instead, and mirroreéour age classes were created
following the classification made by Swan (2020) and then adapted to our sangpiken they were grouped
in two main subsstfor further analyses, as listed in Tafik
1) preloading group (perinates 6 postnatal months) comprehends infants who are not able to
independently locomote and rely entirely on their caregivers for transportation (Young and Shapiro,
2018), and the loer limbs are minimally loading. Children in this phase are not able to fully propel
themselves, but progressively they start to hold the head upright, sit, with support, in an upright
position. This group comprehend the youngest age classes, e.g. thietitperinatesand the
neonates/early toddlers from birth to 6 postnatal months
2) Postloading group (6 postnatal months3 years old). Children start to sit upright without support,
start crawling and, finally, walking unaided at about twaivenths. Then, the achievement of the
mature gait is refined through the slower and progressive stabilization of the pattern lof tidst.
group are included the individuals from the two oldest age cohorts: from 6 months to 12 months, and
froml.lyearand O3 year s.
The sample that underwent the GM analysis was really small. This is why the four age classes are used to
described thoroughly the morphological changes with greater intervals (four, instead of two), but we did
not use them for the statisticanalysis due to the imbalance. Consistently, we analyzed the same two
groups for the trabecular biomechanics analyses, and we showed the age groups averages to better explair

the changes along the growth.

Table14i1 Age classes and loading subsets

Ageclasses Loading group  Individuals per classes Total
Perinates/prenatal Preloading 6 "
0-6 months Pre-loading 5

6-12 months Postloading 7 2
1.1-3 years Postloading 22

3.2.2.Data 3D acquisition and segmentation

All the samples were microCT scanned in different facilities (see Ti&hlé&cans were reconstructed as 16

bit TIFF stacks, and Image J was used to inspect the scans and evaluate their quality. When the trabecular bone
showed signs of damage or rarefactaue to pathological or diagenetic causes, the specimen was excluded
from the analyses. Avizo 9.3 (Visualization Sciences Group, SAS) was usedpmeess the reconstructed

scan data (e.g. crop or resample). Where heavy sediment or mummified tissegsregent, they were
removed in Avizo 9.3 using a Wacom board and the Avizo fmuh tool in the labelBeld. A White Hat

filter was applied (to the Norris Farms#36, some specimens from BeliManiadtirand Velia) to improve

the contrast between be and the heavy sediment present into the bone. Segmentation of the image data was
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first performed using the MIA clustering method (Dunmore et al., 2018). In short, this method useEssa¥
algorithm to cluster the CT images into specific classes ditedn priori by the user. This clustering is based

on voxel or pixel intensity. Therefore, a fuzzyneans algorithm (Dunn, 1973; Bezdek, 1987) is applied to
cope with the scanning artifacts or different levels of mineralization of the specimen ol {{saiore et

al., 2018); lastly the class membership probabilities are calculated. Finally, voxels are attributed to the class
with the highest membership probability. All the process results in a segmented dataset. All the output used
here are raw filedinked to Metalmage files (ITK). In some cases, the MIA clustering method failed in
determining the class belonging. In those cases, a novel demadhed deep network architect¥azdani

et al. 2019)was preferred.

Tablel5 - Micro-CT information

Sample Facility Voxel size(l)
Bologna Center for Quantitative Imaging (CQPennsylvania State UniversityA (USA) 20-38
Norris Farms  Center forQuantitative Imaging (CQJPennsylvania State UniversjtyA (USA) 12-26
Velia The Abdus Salam International Centre for Theoretical PhyFiasste Italy 1830
Beli Manastir University of Zagreb, School of Medicin&agreb, Croatia 1829
Paks and Perkati  The Abdus Salam International Centre for Theoretical PhyEitEsste Italy 1830

3.2.3.Geometric Morphometrics Analysis

To cope with the many morphological differences of the growing talus, a minimal template of 146 (semi)
landmarks (5 anatomical landmarld§) curve semilandmarks, and 1L surface semilandmarks, as shown in
Figure 1) was created in Viewbox 4 (dHAL Softwa®),a perinate talus (Velia T383us2175). The aim of this
template is to follow the morphological changes in the gross morphology, related to the ontogeny, from the
late postnatal weeks to three years old (Fig@eTable 16-17). Unfortunately, not everypgcimen showed

an intact cortical bone, making it impossible to apply the configuration of (semi)landomatikem Several

tali had to be excluded from the GM analysis, as reported in Thble

Figure 19- (semi)landmarks configuration. From ledtright: dorsal, lateral and palmar view. Landmarks are shown in purple, curve
semilandmarks are the green sphere, surface semilandmarks are represented in violet.
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aTablel6i Configuration of landmarksType of andmarks based dBookstein 1997)
Description Type of landmark
The most medial point of the neck Il

The most lateral point of the neck Il
The most anterior point of the neck Il

The most anterior point of tHateral bridge Il

a A W N P

The most medial point of the sulcus tali Il

Table 17 - Semilandmarks

Semilandmarks on curves N
Curve LEL2: Posterior part of the neck 4
Curve L2L3: Lateral and Anterior part of the neck 4
Curve L3L1: Medial part of the neck 4
Curve L4L5: Posterior margin of the Sulcus Tali 9
Curve L5_L4: Sulcus tali and bridge 9
Semilandmarks on surface N
Head and anterior calc surface 35
Medial side surface 20
Posterior and lateral surface 31
Sulcus Talis surface 15

10

Neck surface

The (semi)landmark configurations were applied to the targets. To be considered geometrically homologous
(Gunz & Mitteroecker, 2013), semilandmarks were allowed to slide on the curves and surface, to minimize
thin-plate-spline bending energy (SliceP@6) between template and targets. Then, semilandmarks were
allowed to slide against recursive updates of the Procrustes consensus (Gunz, Mitteroecker, & Bookstein, 2005;
Mitteroecker & Gunz, 2009). Then, a Generalized Procrustes Analysis (GPA) wasRuB6t2 (R Core

Team, 2020Rohlf and Slice, 1990), using geomorph (Adams & Ota@aatillo, 2013). A shape and form

space Principal Component Analysis (PCA) was carried out on the Procrustes coordinates to explore talar
shape variation during growth ugithe R packag®lorpho (Schlager, 2017). Shapiro Normality Test was
performed to assess the distribution of the dat a,
for the homogeneity of variance. Analysis of Variance (ANOWX)KruskalWallis test were used to
determine whether mean group values along each PC
correlation of PCs scoregas run againghe natural logarithm of the centroid sigeCS)to asses if shape

variations were relateto ontogenetic allometry.

3.2.4.Biomechanical analyses

After the abovementioned segmentation processes, the trabecular and cortical bone were separated following
the protocol outlined by Gross and colleagues (2014) using Medtool 4.3 (Dr Pahr Ingenieurs e.U, 2017).

Briefly, opening and closing filters (kernreli ze varies from 3 to 5, dependi
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growingo function wer e a gased seipt withis Medmol ta remmavescorticati z e c
porosity and facilitate the creation of a uniform shell that is then filled to dieate different masks, namely
outer(i.e. the outer shell of cortical bon@ndinner(i.e. the boundary between cortex and trabecular region)
which separates cortical from trabecular bBmss et al. 2014; N. B. Stephens et al. 2016, 20I8&, the

inner mask is subtracted from the outer one, creating the cortical thicknes$-orakks study, only thner

region, i.d. trabecular bone, was usEthally, a tetrahedral mestf trabecular bongas generated using the
computational geometry algorithms library CGAkv(w.cgal.org, a mesher that creates a 3D finite element
model uing Delauney triangulation (Delaunay, 1934; Gross et al.,, 2014; Klomza and Skinner, 2019).
Quantification of bone volume fraction (BV/TV), which is the ratio of trabecular bone voxels relative to the
total volume of voxels (Fajardo et al., 2007: Kivell18), and Degree of Anisotropy (DA) which describe the
degree of orientation of the trabecular struts (Klomnza and Skinner, 2019assiaslout on the trabecular

mesh by moving a sampling 5 mm sphere along a background grid with 2.5 mm spacing foaed€lalsr

and Zysset, 2009; Gross et al., 2014). BV/TV (bone voxels/total voxels) is expressed as a percentage, DA is
calculated as €Jeigenvalue3/eigenvaluel]) and is scaled between 1 and 0, where 1 is highly anisotropic and
0 isotropic, following the Man Intercept Length (MIL)The resulted colormaps were then visualized in
Paraview 3.14.1 (Sandia Corporation, Kitware Inc). Mean trabecular thickness (Th.Th, mm), trabecular
numbers (Th.N), and mean trabecular spacing (Tb.Sp, mm) were calculated (Hiddabch Ruegsegger,

1997, Stephens et al., 2017).

3.2.5.PointCloud Analysis

In order to statistically compare the results between the two greepsllowedthe Phenotypic PointCloud
Analysis proposed byDeMars et al. (2020)Briefly, we align all the trabecular volumessinga modified

version of the auto3dgm R packa@oyer et al. 2015)o automatically position the pseudolandmaiikes.
landmarklike points, eachfoone has a consistent biological identity across all bones in the saBmer;
Yapuncich, Butler, Dunn, & Seiffert, 20},5making then homologous. Though, they are not classified by
classicakhe landmarks criteria (e.g. type I, Il, or Ill) nor by the séandmarks categories (Mitteroecker and
Gunz, 2009) . Therefore, t he a uDueh o rttee slighdlyl diifierént t h e n
morphologies, e.g. immature and slightly more mature shape, we used 600 and 1200 pseudolandmarks. After
a generalized Progstes analysis using the GeoMorpho R package (Adams, Collyer, & Kaliontzopoulou,
2018), an average meahthe trabecular meshesas created and warped on the mean coordichtal the
coordinates sample obtained after the GFPAis average trabecular stewas then filled with the evenly
spaced (1.75mm) points to create the average poin
then obtained by interpolation of the i1individuals
clouds were aligned on the auto3dgm alignment matrix, and considered homologous. Subsequently, a rigid,
affine, and deformable alignment was performed, using the Coherent Point Drift algorithm (Myronenko &
Son, 2010), and t he i n ddluesiweralmeadydntepolated fom aachdndiiddial s ¢ a

point clouds to the corresponding points in the canonical point cloud using SciPy (Virtanen et al., 2020).
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Finally, the obtained grodp averages were mapped onto the canonical point cloud, toica#itistompare
BV/TV and DA across the sample. The homologous point were compared usingailégdtest, with P

values corrected (Friston et al., 1995; Worsley et al., 1996). Results are visualized in Paraview.
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3.3.Results

3.3.1.External morphology
3.3.1.1.Shape space

Shape space resutisthe first three PCare shown in Figus®20-21. Shapiro normality test show that the first

three PC952.3% of the total varianceyere normally distributed (PC1: W= 0.95yvplue= 0.2196; PC2:

W=0.97, pvalue=0.69; PC3: WO0.98 -yanlue=0.96) while the Levene test attested for equality of variance,

with p-values >0.1 for all the first three P@4ost of the morphometric variation is explained by PC1 (28.3%),

i.e. ontogenetic allometryyhich clearly seprate the two groups, where negative scores account for small
(Figure 5) globular morphology (the youngest individuals), that well represents the not completely ossify
neonatal talar morphology (e.g. ossific nugleihere it is already possible to recagmthe talar head and the

neck, as a circular depression, and the sulcus tali that is well defined. The impressions of the cartilage canals
are still visible in the posterior part of the talus body. Positive scores account for a more mature talar body,
with a clear elongation of the entire talus, due to the development of the neck, thaashiowrease in
concavity and area, a clear development, though not yet complete, of the trochlea and lateral malleolar facet,
with the articular facet not yet define@ihe area of the sulcus tali is larger and more defined, as well as the
lateral ridge. The head is slightly rotated medially, and its shape is more similar to the mature talar head. The
anterior calcaneal facet is more defined, while the posterior calctuet has grown, with a characteristic
triangular shape, but is not well demarcated yet. PC2 (13.1%) separate the two groups ZBiglxeand
account for a better distinct and deeper dapecus t
that is less globular. The lateral ridge shortens along positive values, due to the growth of the head. PC3
(10.8%) negative scores show a wider and concave neck, as seen in PC1, but larger, that grows narrower and
with sharper margins along positivalues, with the general elongation of the talar body and development of

the trochlea and head. ANOVA results showed significant differences between the two @oupk, F-
test=39.73, pralue 1.35606) along PC1 scoresvhile differences along PC2 afC3 were not significant

(PC2: Df=1, Ftest = 3.5, pvalue = 0.07; PC3: Df = 1,-test = 0.003, ywalue = 0.9) The shape variation
described by PC1 is significantly related to size, although not completed guided by it (r=aie$b.78e
06).Figures22, 23 and 24how the mean shape of the four age classgsthe mean shape of the two loading
groups
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Figure 20- 2D shape space plot. PC1 and PC2, on the left. PC1 and PC3 on théThigttvo groups are well separateddividuals
from Bologna, for which sex was known, are represented by circles (males) and squared symbols Diemalejlsrepresent the
archaelogical samples.

PC2

Figure21- 3D shape space plot. Group means are represented for each agmdassal, plantar and lateral viewBink represents
the youngest cohort (prwading) while green represents the pésading ohort. Age group means are represented in dorsal, plantar,
and lateral views (clockwise).
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Figure22 - Shape changes along the first three PG&am left to right)dorsal, lateral, and palmar view
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Figure23- Mean shapes for age classes and-fp@ding mean groupdrom left to right: dorsal, lateral, and plantar views)
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~— Post-loading group

Mean 1-3 years

Figure24 - Mean shapes for the agéasses included in the pelstading group(from left to right: dorsal, lateral, and plantar views)

3.3.1.2Form Space

The morphometric variations is explained almost completely by PC1 (R2§yrinat accounts for the 93.5%,

and the two groups are clearly separated along the x axis (PC1), e.g. strong size diffdrapiceVWilk

normality test shows thainly PC1 scoresvere not normally distributedPC1W = 0.8815, p-value =
0.005176;PC2: W = 0.9803,p-value = 0.8692;PC3: W = 0.97888,p-value = 0.8363, while Levene test

attested for the equality of varian(leC1: Test Statistic = 4.7981-yalue = 0.03803; PC2: TeStatistic =

0.075207, pvalue = 0.7862; PC3: Test Statistic = 0.13598ajue = 0.7154)A KruskatWallis rank sum test

was performed for PC1 scores, with significant results-6ghiared =13.5Jf = 1,p-value = 0.0002). PC2 and

PC3 were not significafPC2: df = 1, Rest = 0.2, pvalue = 0.6; PC3: df = 1,-fest =1.4, pvalue = 0.2) As

expected, PC1 is strongly correlated with size (r=0.98lpe =<226l 6 ) , showing a Agr ow
the other PCs are not correlated (PC2, r=0p@aalue =0.8, PC3, r=0.05p-value = 0.8 with size. The first

three PCs account for the 95.8% of the total variance.
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PC3 f’/ ¢

PC2

Figure25 - 3D form space plot with loading groupBhe two groups are well separated also in form spBa& represents the pre
loading cohort, while green represents the plustding group.

3.3.1.3Internal morphology

Trabecular results showed that the architecture in the human talus changes through ontogeny. Mean values for
the two cohorts are listed ifiables18-19 and shown in Figure26-29. Around birth, the structure is very
Afdenseodo with high val ues fl.82r minf=h1l.58 méxmeal), thatslightit h e
decrease during the first postnatal months (meérp0Ostnatal months =78), and is almost halved after 1

year (mean 1-3 years = 1.14, min = 0.89). Trabecular spacing increased during growth, passing from a dense
and packed architecture, with high number of trabeculae with low spawaan(for the perinates0.3, min

= 02, max = 1.4) that become more widely spaced apart (mean B8 0.69, min = 0.53, max = 0.92),

while thickness decrease slightly from birth (around birth) to 3 years. Bone volume fraction greatly decreases
from around birthrhean for the perinates24.52%) to the first 6 postnatal months, then it steadily diminishes

until 3 years (mean.1-3 years = 15.9%). Anisotropy increases steadily, from a more isotropic architecture
around birth hean for the perinates 0.15) to a more anisotropic structutering the secongear of life

(mean 11-3 years = 0.22)DA values increases, in the posteninedial portion of the trochlea, around 1 year

of age. At about 1.5 years, it increases also in the neck area. The medial side shows an increaseonimiA at
2yearsofagd. ndi vi dual sé mean v-8l.ues are |listed in Tabl
T-tests results for BV/TV and DA for the two categories, e.g. gmd posioading are shown in Figure30

and 31 Results showed, in general, that BV/TV is significantly highethe preloading talus, while DA
increasesignificantly in the postoading group. In the prad individuals, BV/TV is higher in in the medial

side, medial portion of trochlea and neck, and head, with low values in the lateral part of the neck,and head
and lateral malleolar surface. The pattern in the-jpasting group is different both in location and magnitude.

The highest values are located in the trochlea and posterior calcaneal facet and lateral side of the head, while

the lowest are located ihé& sulcus tali, medial side of the head, and anterior calcaneal facet, with significant

69



differences located in the medial side of the head and anterior calcaneal fasabwshhigher values in the
postloading group, with the highest values in the t&lead, trochlea, medial side, and posterior calcaneal
facet, with the lowest in the sulcus tali and lateral malleolar facet. Similarly, in tHegalieg cohort the

values are higher in the trochlea and head, but the lowest values are located notersulitus tali, but also

in the medial side. The differences, in the area of the trochlea, the most proximal part of the posterior calcaneal

facet, neck, and superior part of the head, are statistically significant.

Palmar

Proximal
Dorsal

X-midplane Z-midplane

Figure26-BV/TV prdoading averageColormaps represe®V/TV valuesvhichare high, describing a dense trabecular architecture,
with highest values in the medial side of the talus and head.
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Palmar

Proximal
Dorsal

Z-midplane

Figure27 - BV/TV postoading averageCobrmaps represenBV/TV valueswhichare relatively low, with the highest values in the
posterior part of the trochlea.

Palmar pre-load DA Average

Dorsal

Proximal

X-midplane Y-midplane Z-midplane

Figure28- DA preloading averageColormaps represeiA valus, whichare low, with the lowest values beg in the medial side of
the head.




Proximal
Dorsal

Z-midplane

Figure29 - DA postioading averageColormaps represeri?A valus, whichstart increasing after the onset of bipedal locomotion.
The highest values are in the medial side of the tasigecially in the head and medf@sterior side of the trochlea.

Table18i Mean age group and loading group values for Th.N, Th.Sp and Th.Th values

Th.N Th.Sp Th.Th

Perinates 1.92 0.39 0.14

Preloading  0-6 months 1.79 0.46 0.13
Preloading 1.86 0.42 0.14

6-12 months 1.37 0.59 0.16

Postloading  1.1-3 years 1.15 0.70 0.19
Postloading 1.20 0.67 0.18

Table19 - Mean age group and loading group values for BVETIVA

BV/TV(%) DA

Perinates 24.53 0.16

Preloading  0-6 months 17.90 0.17
pre-lloading 21.51 0.16

6-12 months 17.59 0.20

Postloading  1.1-3 years 15.93 0.23
postloading 16.34 0.22
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Distal  ftest results post-load vs pre-load Tscore BVIV T-Score|

Proximal

Figure30- BV/TV ttest results showing the significantly different areas between the two grépan colors represent the ptead
group, cold colors the postad group.The blue areas showed the areas which significantly differs between the two groups i.e. th
pre-loading subset has significantly higher BV/TV values in the nedél

Palmar Distal  ftest results post-load vs pre-load Tscore DA T-Score

.C .

Proximal

Figure31 - DA ttest results showing the significantly different areas between the two gralfasm colors represent the ptead
group, cold colss the postload group.The highst DA values in the po$bvading group are located in the trochlea, neck and most
dorsal part of the head.




Table20il ndi vi dual sd& averages for Tb. N, Tbh. Sp, Tb. Th

Name Age Class  Loading group Age at death Th.N mean Tb.Sp mean (SD) Th.Th mean
VeliaT322. Preload 36-39 weeks 1.72 0.4 (0.22) 0.14 (0.04)
VeliaT315. Preload 36-40 weeks 1.87 0.37 (0.15) 0.15 (0.04)
VeliaT344. Preload perinates 2.09 0.31(0.13) 0.16 (0.05)
VeliaT350. Perinates Preload perinates 1.53 0.5155 (0.2455)  0.13 (0.04)
VeliaT383. Preload 38 weeks ca 1.88 0.40 (0.17) 0.12 (0.02)
VeliaT417. Preload perinates 2.41 0.26 (0.12) 0.14 (0.03)
VeliaT305. Preload 0-3 months 1.98 0.37 (0.21) 0.12 (0.02)
NF821369. Preload 8 weeks 1.72 0.47 (0.20) 0.10 (0.02)
NF821045. 0-6 postnatal Preload 0-6 months 2.21 0.32 (0.17) 0.12 (0.04)

months
VeliaT300. Preload 0-6 months 1.14 0.73 (0.36) 0.13 (0.03)
VeliaT441. 0-6 months 1.86 0.40 (0.21) 0.13 (0.02)
NF821051. Postload 7.5 months 1.11 0.68 (0.32) 0.21 (0.06)
VeliaT442. Postload 6-9 months 1.57 0.49 (0.23) 0.14 (0.03)
VeliaT368. Postload 0.751 year 1.55 0.51 (0.23) 0.13 (0.02)
VeliaT289. Postload 9-12 months 1.36 0.57 (0.25) 0.15(0.03)
6.1-12 months
BO58_M. Postload 11 months 1.53 0.47 (0.18) 0.17 (0.04)
BO60_F. Postload 11 months 1.37 0.58 (0.26) 0.14 (0.03)
NF820614. Postload 12 months 1.05 0.81 (0.29) 0.13 (0.02)
VeliaT415. Postload 1-1.5 years 1.41 0.53 (0.22) 0.17 (0.04)
VeliaT434. Postload 1-1.5 years 1.27 0.58 (0.20) 0.20 (0.04)
1.1-3 years
BO14_M. Postload 1 years and 5 month 1.21 0.68 (0.24) 0.13 (0.03)
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NF821014. Postload 1.5 years 1.19 0.58 (0.24) 0.25 (0.06)
NF821046. Postload 1.5 years 1.14 0.68(0.33) 0.18 (0.04)
PerkataNyuli655. Postload 1-3 years 0.89 0.92 (0.50) 0.19 (0.03)
VeliaT286. Postload 1.52 years 1.22 0.63 (0.32) 0.18 (0.04)
BO14_F. Postload 1.9 years 1.30 0.61 (0.22) 0.15 (0.04)
BO48_F. Postload 3 years 1.22 0.66(0.26) 0.15 (0.04)
NF820683. Postload 3 years 1.10 0.69 (0.27) 0.21 (0.05)
NF821026. Postload 2 years 0.90 0.92 (0.52) 0.18 (0.04)
NF821207. Postload 2 years 0.94 0.86 (0.35) 0.18 (0.05)
NF821214. Postload 3 years 1.04 0.80 (0.35) 0.15(0.03)
PerkataNyuli516. Postload 1.53 years 1.07 0.70 (0.26) 0.22 (0.07)
llokG22. 2-3 years 1.20 0.68 (0.25) 0.14 (0.04)
NF821069. Postload 2.5 years 1.19 0.63 (0.30) 0.20 (0.05)
NF821113. Postload 2.5 years 1.11 0.71 (0.22) 0.18 (0.04)
VeliaT411. Postload 2-3 years 1.17 0.64 (0.23) 0.20 (0.05)
BeliManastirG6. Postload 2-3 years 1.25 0.61 (0.30) 0.18 (0.05)
PerkataNyuli639. Postload 2.53 years 1.06 0.72 (0.25) 0.21 (0.06)
BO7_M. Postload 2.9 years 1.11 0.70 (0.32) 0.18(0.06)
Table2lil ndi vi dual s6 aawdbAages for BV/TV
Name Age Class  Loading group Age at death BV/TV (%) Degree of Anisotropy
VeliaT322. Preload 36-39 weeks 21.49 0.09
VeliaT315. Perinates Preload 36-40 weeks 26.54 0.18
VeliaT344. Preload Perinate 29.14 0.13
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VeliaT350. Preload Perinate 14.14 0.31
VeliaT383. Preload 38 weeks ca 20.41 0.13
VeliaT417. Preload Perinate 35.44 0.07
VeliaT305. Preload 0-3 months 21.65 0.16
NF821369. Preload 8 weeks 9.82 0.12
NF821045. 0-6 months Preload 0-6 months 23.68 0.11
VeliaT300. Preload 0-6 months 12.41 0.26
VeliaT441. Preload 0-6 months 21.92 0.17
NF821051. Postload 7.5 months 18.53 0.16
VeliaT442. Postload 6-9 months 18.12 0.19
VeliaT368. Postload 0.751 year 18.95 0.17
VeliaT289. 6.1-12 months Postload 9-12 months 18.47 0.16
BO58_M. Postload 11 months 23.24 0.16
BO60_F. Postload 11 months 20.12 0.26
NF820614. Postload 12 months 5.70 0.24
VeliaT415. Postload 1-1.5years 20.66 0.13
VeliaT434. Postload 1-1.5 years 18.6 0.27
BO14_M. Postload 1 years and 5 month 11.8 0.23
NF821014. Postload 1.5 years 28.42 0.17
NF821046. Postload 1.5 years 14.84 0.20
PerkataNyuli655. Postload 1-3 years 10.93 0.24
VeliaT286. Postload 1.52 years 21.31 0.16
BO14_F. Postload 1 years and 9 month 13.82 0.26
BO48_F. Postload 3 years 15.24 0.25
NF820683. 1.1-3 years Postload 3 years 19.14 0.26
NF821026. Postload 2 years 10.58 0.20
NF821207. Postload 2 years 10.51 0.21
NF821214. Postload 3 years 8.71 0.25
PerkataNyuli516. Postload 1.53 years 17.18 0.21
llokG22. Postload 2-3 years 10.5 0.19
NF821069. Postload 2.5 years 19.6 0.27
NF821113. Postload 2.5 years 12.76 0.26
VeliaT411. Postload 2-3 years 18.39 0.20
BeliManastirG6. Postload 2-3 years 21.12 0.17
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PerkataNyuli639. Postload 2.53 years 13.98 0.26

BO7_M. Postload 2 years and 9 month  16.368 0.25
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3.4 Discussion

The main goal of thistudywas to describe the growing changes that occurred in the talus from the last prenatal
weeks to three years old (iumtil the end of the second year of age), to better explore thigrameduring

which the most important locomotor milestones occul, tanto catch any bony signal that could be linked to

the gradually developing bipedalisidere, wediscusdirst separately the results, and then we try to link the
external and internal talar changes during growth.

3.4.1External morphology

This stud/ explore theconsiderable changes in the morphology of the talus during ontoggmyeans of
geometric morphometric methods, i.e. explomag onlythe changes correlated wilze namely ontogenetic
allometry, but also the differences in pure shap€l clearly separates the sample in two main groups,
separating the individuals younger than 6 months of age from those older than 6 months, showing that
numerous morphological changes take place during the first year of life. This timeframe is pivogal, sin
fundamental milestones occur (e.g. sitting upright, crawlangising supported locomotion and, finally,
independent locomotion), and the foot is prepared to support the impending change in mechanical loading.
The globular neonatal talus started changing shortly after birth, with the expansion of the neck surface and an
almost imperceptible initial torsion of the head, with a more elongated shape. But the most important and
visible changes happened after 6 postnatal months. Probablyg mithe mature neuromuscular systant
with the aid of external stimuli, e.dpy caregvers, children start to explore anpractice andthe foot
experiences more and more loading, even though is not fully loaded yet. After six months the neck area has
greatly expanded, with more defined margins anditie pronouncetbrsion of the headyith a more marked
lateral ridge and a first sign of the lateral malleolar argrnsionThe development is more pronounced after
the first year, when the child experiences the unsupported deambulation. The sulcus tali is well marked and
wider, and the @terior and posterior calcaneal facets are visitile,head is more defined and, most
importantly, the trochlea has expanded. Though the shape is not mature yet, far from the adult morphology,
between 2 and 3 years, the locomotion pattern gradually assuatkillike arrangement. We did not test for
the correlation with body weight, but it is plausible that the weight gain played a pivotal role in the changes
described here, during the early maturation. The changing in orientation of the articuladéacetsed by
Hellier & Jeffery(2006) is not yet observable, since the sample in their study was older thas 8igeaver,
it is known that during the stance and swing phases of locomotion, the compressive forces act on the trochlear
surface, and frorhere are transmitted downwards to the calcaneus, through the posterior calcaneal facet, and
anteriorly through the neckwhere they are converted in tensile forfeal and Routal 1998apgndthe head,
on to the navicular. This transmission could be linked to the early development of the trebldeahows a
smooth but clear increase in the antposterior curvatureand inthe graduail sharpening of the margins of
the subtalar facets. He posterior one, in particulabegins to form starting from\zery smoothmorphology
and it growsalmost triangular in shapalongwith the elongation of the @i body. As noted by Hellier &
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Jeffery(2006), the inferior talar articular facets do not equally distribute the forces while standing. A larger
force is transmitted to the navicular than to the cuboid (via the calcaneus) and hence, metatarsals are loaded
increasingly in a medial directidiManter1946; Salathé, Arangio, and Salathé 19830, the heel strike is

not developed, yet, and the child touches the ground with a flat foot. This may explain why the posterior part
of the talus, e.g. posterior side of the trochlea and posterior calaretal continue developing after 3 years

of age.This investigation shoghow the talar morphology chaggjn concomitance with the onset of bipedal
locomotion. Slower changes characterized the first 6 postnatal months, with a morphology that iadyyet r

to bearloads in the second half of the second year, though, changes are more noticeable, and pivotal areas
(e.g. trochlea, head, neck) underwent great modifications, preparing the foot to bear the full body weight. After
the onset ofocomotion, thehintedincreased in trochlear curvethape and the expansion of its area suggest

that the trochlea is finally ready to perform its role, i.e. to receive and distribitedieeight from the tibia.
Moreover, the slight increase in orietida of the head suggest that the foot is not yet performing a full medial
weight transfer, and this is consistent with the-yettdeveloped heedtrike and toeff, and medial arch.
Though, Straus(1927) found out that anedial torsion of the head was present in the prenatal talus, which
decreases during growth. Our results showed the opposite process. The torsion of the head is pivotal for the
correct medial transmission of the forces, though the immature foot doesegbyet to transmits the forces
medially,thereforethe talar head does not show yet the medial rotation. As the body weight increases, and the
gait matures, the torsion of the talar head increases, aiding this medial weight trdrisfehafacteristicsi

thought to be linked to the ontogenetic adduction of the hailax,an important phylogenetic signal
(Strausl927) This is the first time that the early talar anatomical ckaage exploredby means of geometric
morphometrics methodand we were ablto fill an existing gap in the literatur@his contribute may help,

with an increased sample, in identifying differences in human ontogenetic trajectories, and better explore the
dynamics that guide the early talar developmegthow much the genetiddeprint contributes in this phase.

The pre and posocomotion morphologies separates well, d@nchay well help in distinguish these two
fundamentaphasesit mayreflect a programmed developmelnt.addition, comparing thdifferentexternal

morphologesmay also help in interpreting the shape of fossils talar remains.

3.4.2Internal morphology

In this study, we examined 40 juvenile talar bone, to explore how trabecular bone changes along with
development of locomotion. In order to do, we first investigate how trabecular architecture cope with the
earlyloading increase bgxploringarchitecturaldifferences in four age classes; then, statisticallytested

the differences betweeawo differentgroups the first one with allegedlyaefficient loading in the foot zone,

and the second one with an increasing loading of the foot. We predicted that the trabecular structure would
change, adapting its architecture gradually along with the maturation of the neuromuscular system and,
consegently, with the gradually increasing loading of the foot, passing from no load, to full bipedal load.
Results showed thatur initial hypotheses were correcteft birth and during the first postnatal months,

trabeculae are closepacked revealing a verglensearchitecture with numerous and thin trabeculaed a
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rather isotropic structurén the first year of life, bone is rapidly remodeled. Space between trabeculae rapidly
increases as trabeculae are removed and the remaining trabeculae gradualiylthibk second half of the

first year of life, BV/TV values decreased, probably as a result of trabecular resorption, with fewer and thicker
strutsandan increasa spacing between each othéfter 1 year of age, therefore after the onset of unaided
locomotion, the values of BV/TV decreasehile DA starts to increase slowlficcording to previous study
(Carter & Beaupré, 200Ryan and Krovit2006; Reissis and Abel 2012; Ryan and Shaw 2@L8¢nse and
generalized trabecular structure is deposited during endochondral ossification, and ibjsdialized
structure subsequently reorganizes into fewer, thicker, and directionally organized systems of trabeculae.
During fetal life, the fetus sually punch and kick against the uterine wall, which represents a mechanical
resistancéAcquaah et al. 2015/ ter birth, these movements decrease, in tji# Ibf the new environment,

e.g. more space and absence of uterine wall as a constraint. Moreover, hormones play a key role in bone
developmeni{Bonjour et al. 2012; Swan et al. 2020; Gosman, Stout, and Larsen 20thljhe maternal
estrogen that, in combination with tHetal movements influence bone development. Furthermore, a
Afgestati onal (Aawaehrepal. 2085t 4 higb ode mass may constitute a postratiaium
reservoir, helping maintain mineral homeostasis. Trabecular architecture remodels under mechanical loading
during gait maturation, as suggested by previous st@@ieiembo et al., 2019; Gosman & Ketcham, 2009;
Raichlen et al., 2015; Ryan & Krovitz, 2006; Saers, Ryan, &I§t2020) Saers et al. (2020) proposed that
unnecessary bone deftesl during endochondral ossification would be resorbed during the first year of life,

if insufficiently loaded, following the mechanostat mo¢f&lost 2003) The decrease in bone volume fraction

may be explained by the removal of unloaded or underloaded struts Ry d€rovitz, 2006). Many studies

found that, while bone volume fraction and trabecthiakness increase, the number of trabeculae desrease
during developmen{Byers et al. 2000; Tak et al. 2001; Salle et al. 2002; Nuzzo et al. 2003; Nafei et al.
2000; Parfitt et al. 2000; Halloran et al. 2002; Wolschrijn and Weijs 2004; Mulder et al. RGH)ears that

initial mechanical adaptation is achievi@dt by adding bone mass, and they remodeing to gain efficiency

later.

BV/TV continues to decreashiring allthe first year of life, consistdgitwith a trabecular structure that is not

being strained above a certain threshakipointed out bgPivonka, Park, and Forwood, 201B)dicating that

the talar architecture responds to variation in loading magnitude from the secondthalfict year of life,

and then it slightly increases in the posterior part of the trochlea and posterior subtalar joint after 2 years of
life, while DA progressivelyincreasesfter six postnatal month3his is in accordance with the previous
literature, which describes the presence of a dense and generalized structure initially deposited during
endochondral ossification, and later remodelmgope with the functional role of the talige role that
mechanical loadindhas in shaping trabecular boneonphology has been already demonstrat@drak,
Lieberman, and Hublin 2011%pecifically, values are significantly higher in the trochlea, most proximal part

of the posterior calcaneal facet, neck, angerior part of the head, showing an early remodeling following
strain.This may be linked to an early remodeling due to the increase in body weight. Trabeculae are remodeled

according to the directions of loading, and as the foot is loaded, strute stanbdel according to the direction
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of forces, ie. compressive and tensile forces, respectively irrdehleaand neck areasnterestingly, DA
increases first in the posterior and medial portion of the trochlea, i.e. the area which receives the full weight
from the tibia. The young walkers, at this stage, touch the ground with a flat feet, and the medial arch is not
fully develged yetAt about 1.5 years, it increases also in the neck atealateral side shows an increase in

DA at around 2 years of age, while anisotropy increases in the head during the second half of the second year
of age probably reflecting a more matu@cbmotion, and a more adiike pattern due to the action of the

tensile forces in the neck area.

This study confirms the predictions, demonstrating that in the early stages of growth the talus responds
adapting to mechanical strain. This work fills tiydsting gapn literature, exploring how trabecular bone in

the juvenile talus starts (re)modelingearly stages, showing once again the fast response of the trabecular

bone to mechanical stimuli.

3.4.3.Linking internal and external morphological changes

Taken together, the internal and external modifications tellsiery External morphology shows us how the

foot, i.e. talus, could be loati during different growth stages. It is mostly driven by a genetic blueariot

the immature configuratiotells us thatat this stage, children amet ready to wallproperly With the increase

in weight, maturation in neuromuscular systemdbiological growth of the children, the talar morphology
commences to show the readiness to walk, firstly by isangahe trochlear surface, then starting developing

the subtalajoints and changing the orientation of the head. Talar shell refledtathaturity of gait, and the
genetic and epigenetic influences prebablystrictly linked together. If the externalorphology tells us what

the infant could be able to do at that time, the internal architecture could provide precious information about
how actually the bonis loaded, and it tells us that the immature shell well correspond to the immature and
not loadel trabecular architecture. InterestingBV/TV is higheri n thdsee xfpbandi ngo ar eas
trochlea the lateral process and the subtalar facets, which have a great increase in growth after the first year.
Trabecular changes may correspond to the ontogenetic changes that we explore on the external talar shell.
These changes, also, may be linked to #hebbpment of mature gait in juveniles. As we saw, the important
milestones i(e. sitting upright at about six months, crawling at approximately nine months, independent
bipedal deambulation at about twelve months) may reflect the changes seen in yhipassithly capturing

the locomotion shift. After the achieving of the independency, gait continue to develop, with changing in lateral
stability and step length, until about 7 ye¢8stherland et al. 1980; Sutherland 19%dt the most imptant

shift remain the conquer of the independent bipedal gait at about 1 year, reflected by important remodeling of
the trabecular bonélhough, at differences in the external shell corresponding differences in the internal
architecture, which is mostlyrigen by actual modeling due to strain and changing in forces and use.

This is the first time that the early talar changes are expioreach a holistic waywe showed also that the

exploration of both external and internal morphologies offer a valuadyldo the interpretation of plastic
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changes. Our findings may help in shedding light into the early human foot development, and they could be a

useful instrument when the juvenile fossil record is concerned.

3.4.4.Limits of the study and future directions

Unfortunately, a few drawbacks needs to be highlighted. First of aleldte/ely small sample sizbat limits

the analyses, which is further limitédthe cortical analysigjue to the often unpreserved cortical basea
consequence of, for examplgostdepositional damages. Moreover, the youngest classes are even worse
represented. We are aware of the fact that fetal and perinatal individuals are rare to find, butehesesca
deserve deeper investigations.

Secondly,locomotor and cultural behaviof®r these individualsare not known and the unbalanced
populations here represented may mask slightly interpopulation differenced, e.g. cultural and genetic.

Finally, whie the age range is good, there are some gaps and, more importantly, the usage of an archaeological
sample, with age estimation, brings with it another margin of error, which is though intrinsic. The hope is to
increase the sample gnabtentially, limitsthe number of population®espite these drawbacks, this study
demonstrates that the pnalking phase is clearlyeflectedin talar morphology, both in the internal and
external morphology. This findings may help in shedding lights in talar developrtrajgatories, both in the
archaeological and fossil samples. Changes in bone morphologies were consistent with the locomotor
milestones, showing a more immature morphology, i.e. globular shape with developing articular facets which
develops consistently wih t he FfAwal king needsod and a dwaking and
morphology show a more mature talus, which starts showhagly its plasticity, i.e. in changing the
orientation of the facets to cope with the direction of forces anitheatame time, a less dense and more
anisotropic trabecular architecture, which responds to the ekamdpading after the onset of unassisted
walking. The talus, as well, is suitable to be used to track gait maturation in juvenile humans. Future works
should take into account the other foot bones, to
bipedalism in all the foot, which can be of paramount importance in evolutionary studies. Also, experimental

works are needed in controlled samptesestablish the actual catskect.
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Chapter Four
Becoming adults: the last steps of the journey. Exploring talar changes
during the last years of growth

4.1. Introduction

Human talus must cope with the increasing body weight, during growth, but must remain congruent to
efficiently perform its critical role of sustain and distribute weight. Talus has seven articulations with four
bones. Being part of the talocrural jointius articulates with tibia and fibula, forming a very mobile joint
which permits a wide range of movements, e.g. eversion and inversion, dorsiflexion and plantarflexion,
pronation and supination. Downwards and forwards, it articulates also with the calak navicular,
forming the subtalar and talonavicular joints. Though, due to spatial limitations derived by the conformation
of the articulations, like for example the ankle mortise, talar facets are prevented from overexpanding in size
in response toolad increase. This is true for all the tarsals bone, which must cope with great forces despite
having relatively small articular surface respect to, for example, the wider femoral condylar surface
(Lieberman, Devlin, and Pearson 2001bhis imples a different way to cope with increasing forces. Talar
facets respond with a change in orientation, to efficiently receive and distribute stress. Talar plasticity has been
previousdy assessed Iseveraktudies on adultSTurley, White, and Frost 2015; Kevin Turley and Frost 2014,
2013; Sorrentino, Belcastro, et al. 2020; Sorrentino, Carlson,2820)and on ontogenetic samplgsellier

and Jeffery 20067 urley and Frost 2014Ppuring childhood, in fact, children steadily gain weight but it is with

the pubertal growth spurt that body weight increaseldenly and n a relatively short period of time, about

50% of the adult body weiglg gained(Barnes 1975)Articular surfacesre plastically responsive to stress
during growth(Hellier and Jeffery 2006; Russo and Kirk 20bg)changing the shapsize,and orientation of

their surfaces. After completion of skeletal developm#tiugh responsdo stress is granted by the bone
shafts, which respond increasing the diaphyseal -a@stson(Ruff, Scott, and Liu 1991)As explained by

Hellier and Jeffery (2006) hanges in facet shape and orientation as opposgthtmes in surface area may

offer a better adaption to increased load bearing in a bone, providing a solution to the spatial constriction. The
relatively small articular facets of the human talus adjust to the mechanical requirements of long term loading
changes over ontogeny. Talar development is affected by its role of vbeigidr and its wide range of
mobility. Talararticular surfaceadaptions throughout ontogeny, i.e. during increasing demand of load, are of
paramount importance, as changes pretaos from deforming under weight, and permits to perform its
critical role in sustain human bodMellier and Jeffery, 20065ingular articular surfaces majsohave the
potential to distinguish features associated with bipedal locomotion from othes éfrhabitual locomotion

(Rita Sorrentino, Carlson, et al. 2026)akng them useful to interpret different locomotor behavior in fossil

tali. The investigation of how and when articular facets develop mayoffersnew pieces of information

when trying to explore the different locomotor behaviors in the past.
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Here wetry to explore talar plasticity on a sample aged betwe®gard 15 years, observing the development

of talar facets and how and when they start to reorient in response to increase in weightfolavimngg

their growth pattern until adolescence, when the foot is supposed to reach its a¢ititziaad Mauch 2013)

Also, based on previous studies on the ontogenetic trajectdriegbecular architecturgaers, Ryan, and

Stock 2020; Colombo et al. 2019; Ryan and Krovitz 200@) suppose thanisotropywill slightly increase

until around 78 years, and then reach a plateghen the locomotion is supposed to have reached an adult

like pattern After the plateau has been reacltdk to the more onrgay direction of the compressive forces
passing through the head and the posterior calcaneal ifasetupposedhatthe hichestDA values will be

reached in these two areas, whilevéw DA valuesare expected to be found in the trochlea and anterior
calcaneal facets, as they receive stress from calcaneus and navicular. BV/TV values are expected to be higher

in the lateral sideas itreceives more straiinom the tibia.
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4.2 Materials and Methods

This work analyzes the late postnatal development of the human talus, with a focus on the development of the
articular facets. The sample consists4dfmodern juvenile tali agedebween 5 and 3 year old.Eleven
individuals (F=%6; M=5), aged between 5 and 11 years, came from the Collection of Bologna, Italy, which sex,
age at death, and cause of death is kn{®eicastro et al. 201 Bee Tabl€2). The collection comprehend

Italian skeletalemains from the Emild&Romagna region and from Sardinia, and they were collected mostly
from 1908 to 1953 (Belcastro et al., 2017). The largest part of the HRaifizagna cohort was buried in
Bologna La Certosa cemetery, the biggest cemetery of thelbigyimportance of this collection is given by

the presence of ante mortem data, information about socioeconomical backgrounds, the generally good state
of preservation and the relatively high number of children in the collection. The birth year rangednbetw

1814 and 1922 (with the majority born after 1850) and they died between 1898 and 1944. For the large part of
the individuals, the place of birth were also known. As for the jobs, women were mostly housewives and sewer,
while men were employed in diffent occupations, i.e., farmer, laborer, and mason with more frequency. The
great number of neadults who died before the first year of life highlights the high infant mortality during the
mid-19" century (Belcastro et al., 2017), with a decrease of mhiléh the collection from the age of 3. The

cohort under study comprehend individuals from Bologna and Parma.

The rest of the study sample has been selected from different archaeological samples, with a timespan that
goes from Upper Paleolithic (Epigratiah) to modern age.

Sevenindividuals came from Beli Manastir. The site is located near eponym town in Bsijakja County

in eastern Croatia. The rescue excavations took place in 2014 and 2015 and covered a surface of approximately
37,000 square meterTwo main cultural layers were identified at the site: a prehistoric layer consisting of
several Neolithic and Chalcolithic strata, and a Roman period layer. The prehistoric layers of interest are dated
to the early and middle Neolithic periods in whible remains of a large settlement and 39 inhumation burials
were found. According to the available radiocarbon dates a huge majority of Neolithic burials from this site
can be dated to the Middle Neolithic, i.e. between 4800 and 4500 BCE. Most of the Wwerafound in a
contracted position on either left or right side with different orientations. In several cases, one or more ceramic
vessels were placed by the head of the deceased.

Threeindividuals came from the site of llakKrstbajer, located in theastern part of the town, about 200 m
from the border crossing between Il ok (Croatia) a
during the exploitation of sand for construction purposes in 2011, so llok Municipal Museum in cooperation
with the Institute of Archaeology carried out the rescue archaeological excavation. Between 2015 and 2017
three research seasons were conducted. The excavated area covers approximately 84 square meters. Withi
this area, 188 graves and part of prehistobijects were explored. The archaeological context, artefacts, and
radiocarbon analysis date the use of the cemetery between the end of the 12th and the transition from the 15th
to the 16th century. These burials most probably belong to the parish ceaneterg the church of St. Helen

the Queen (Krznar & Rimpf 2018).
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Two individuals belong to the Norris Farms #36 (lllinois, USA) sample, housed at the Pennsylvania State
University, for which the age at death was estimated based on tooth crown formatientahdruption stages
(Millner and Smith, 1990). This remains are part of the Oneota culture and dated back to 1300 AD (Millner
and Smith, 1990).

Six individuals came from the Imperial Roman site of Velia. The site, originally founded by Greeks in 540BC
(Morel, 2006), is located on the Italian west coast, near Salerno (Campania, Italy). Numerous archaeological
campaigns have been held, and, during the 200® campaign (Fiammenghi, 2003), a necropolis with over

330 burials. This necropolis, dated backite | and Il centuries AD, yielded both cremation and inhumations,

with numerouguvenile burials. The age at death was analyzed basedromon anthropological methods

which take into account skeletal and dental maturation.

Four individuals came from ¢hsites of Paks argkvenfrom PerkataNy 41 i dTI R. The t wo s
Hungary, and are stored at the Natural History Museum in Budapest. The cemetery and settlement-at Perkata
Ny Yl i dTI'R represents a popul antbiamragiomdf Huagarg which at s e t
the same time preserved a population from the transition period of the Cuman integration (Hathazi, 2004). The
site was found during a motorway constructions works, between 2009 and 2010 by the Field Service for
CulturalHeritage. The cemetery counts more than 4,000 graves. All the individuals dated back teltéie 14
centuries AD, except for on (3421) that dated back to thel20 centuries AD. Ageat-death was estimated

based on the development of the deciduougpanuanent teeth (Moorrees et al., 1963a,b; Smith, 1991). When

no teeth were available, diaphyseal length (Stoukal and Hanakova, 1978) and also epiphyseal fusion
(Ferembach et al., 1980) were used (Laszl6, 2008; Laszlo, 2018; MestddsaZAs. 2015Szeniczey et al.,

2019)

The church around the cemetery of Rakseresznyés was excavated between April of 2008 and 2009 by the
Field Service for Cultural Heritage. According to the buildings and to the archaeological material of the village,

it can be dated to the 4nd 16 centuries, which probably became des@rtiue to the expansion of the
Ottoman Empire. The anthropological analysis have been conducted betwe€®2008Bhe specimens, with

a very good state of preservation, belong to 504 individuals, 263 of which were (hfsszk, 2018).

Finally, one indvidual from Grotta Paglicci (ItalWvas included in the analysis. The young male is aged 12

13 years, and had been buried with a rich funeral tool kit and many orndRenthitelli et al. 2015)

Table22i Study samplelndividuals ardisted in order of population.

Age at death

Site Specimen Period ) GMM  Biomechanics
(in years)
BeliManastir G20 Early/Middle Neolithic 5.56.5 \% \%
BeliManastir G1 Early/Middle Neolithic 7-9 \%
BeliManastir G4 Early/Middle Neolithic 12-14 \% \%
BeliManastir G2 Early/Middle Neolithic 12-14 \%
BeliManastir G5 Early/Middle Neolithic 1315 \%
BeliManastir G9 Early/Middle Neolithic 1315 \%
BeliManastir G31 Early/Middle Neolithic 7-8 \%
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Bologna BO4_F XX Century 5 \%

Bologna BO5_F XX Century 5 \% \%
Bologna Parma7_F XX Century 5 \% \%
Bologna BO6_F XX Century Syears \% \%
10and months
Bologna BO1_M XX Century >years \%
and8 months

Bologna BO11_F XX Century 6 \% \%
Bologna BO40_M XX Century 9 \% \%
Bologna BO6_M XX Century 7 \%
Bologna BO39_M XX Century 11 \% \%
Bologna BO81_M XX Century 11 \% \%
Bologna ParmalO_F XX Century 13 \Y, \Y
llok G72 13th-15th century 4 \%

llok G23 13th-15th century 12-15 \%

llok G26 13th-15th century 14-15 \Y,
Norris Farm 821012 1300 AD 5 \Y, \Y
Paglicci Paglicci UP 12-13 years \% \%
Paks TO-18 1846 14-16th c. 4-5 \% \%
Paks TO-18 1164 14-16th c. 5-6 \% \%
Paks TO-18 1865 14-16th c. 7-8 \% \%
Paks TO-18 1156 14-16th c. 1314 \% \%
Perkata-Ny Yal i 4263 10-12th c. 4-5 \%
Perkata-Ny Yal i 435 14-16th c. 6-7 \%
Perkata-Ny %l i 1575 10-12th c. 6-8 \% \%
Perkata-Ny %l i 752 14-16th c. 7-8 \% \%
Perkata-Ny Yal i 2123 10-12th c. 7-8 \% \%
Perkata-Ny %l i 116 14-16th c. 11-12 \% \%
Perkata-Ny %l i 734 14-16th c. 1315 \% \%
Velia T375us2129 Roman 5 \%
Velia T320us1431 Roman 7-8 \%
Velia T390us2207 Roman 5-6 \Y, \Y
Velia T333us1489 Roman 6-7 \% \%
Velia T138us1636 Roman 9-10 \% \%
Velia T365us2028 Roman 12-15 \Y, \Y

All the specimens were selected based on their good condition, with minimal or no damages. The left side was
preferred; when the left talus was missing or incomplete, the right one was selected instead, and mirrored.
Specimens were scanned (see TaB)eahd sans were reconstructed asli6TIFF stacks, and ImageJ was

used to inspect the scans and evaluate their quality. When the trabecular bone showed signs of damage or
rarefaction due to pathological or diagenetic causes, the specimen was excludie famadyses. Avizo 9.3
(Visualization Sciences Group, SAS) was used toppoeess the reconstructed scan data (e.g. crop or

resample). Where heavy sediment or mummified tissues were present, they were removed in Avizo 9.3 using
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a Wacom board and the Aa paintbrush tool in the labelBeld. A White Hat filter was applied (to the Norris
Farms#36, Beli Manastir, and Velia samples) to improve the contrast between bone and the heavy sediment
present into the bone. In the cases in which this contrast wasssible to improve, the specimens were
excluded from the analyses. Segmentation of the image data was performed using the MIA clustering method
(Dunmore et al., 2018). In short, this method usesmagiéns algorithm to cluster the CT images into specific
classes determined a priori by the user. This clustering is based on voxel or pixel intensity. Therefore, a fuzzy
c-means algorithm (Dunn, 1973; Bezdek, 1987) is applied to cope with the scanning artifacts or different levels
of mineralization of the speciem or the soil (Dunmore et al., 2018), and the class membership probabilities
are calculated. Finally, voxels are attributed to the class with the highest membership probability. All the

process results in a segmented dataset. All the output used hexw &kes, linked to Metalmage files (ITK).

42.1 Age Classes

The sample was then subset in four age classes (Z4bdes follows(Swan et al., 2020)

- Late infancy 4.1-6 years)In this subset, infants engage in an intermediate phase between immature
and mature gaitEarly infancy (1.13 years). This stage includes infants who are able to walk
independently, engaging in an immature toddling gait.

- Childhood (6.110). This stage coprehends children who achieved mature locomotion.

- Adolescence (10:15). This stage comprehends the late ontogenetic growth phase in the human foot.
The growth pace slows down and the talus achieves the adult morphology.

Table23 - Micro-CT information

Sample Facility Voxel size(l)
Bologna Center for Quantitative Imaging (CQPBennsylvania State Universjty A (USA) 20-38
Norris Farms Center for Quantitative Imaging (CQRennsylvania State Universjty A (USA) 12-26
Velia The Abdus Salarinternational Centre for Theoretical Physi€geste Italy 18-30
Beli Manastirand llok University of Zagreb, School of Medicin&agreb, Croatia 18-29
Paks and Perkata The Abdus Salam International Centre Téreoretical PhysicSrieste Italy 18-30
Paglicci University of Bologna, Department of PhysiBslogna, Italy 40

Table24 - Age classes

Age classes Group Name Individuals per classes

4.1-6 yrs Late infancy 15
6.1-10 Childhood 12
10.:15 Adolescence 14
Total 41
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4.2.2. Geometric Morphometrics Analysis

To cope with the different morphologies of the growing talus, a template of 254 (semi) landmarks (11
anatomical landmarks, 89 curve semilandmarks, and 154 ssdautandmarks) was created in Viewbox 4
(dHAL Software), on a 5 yeanld female specimen (Parm&]J. The aim of this template is to follow the
morphological changes in the gross morphology, related to the ontogeny, and the development of the articular
facd, linked also to the locomotion, from the late infancy throughout adolescence. $(E813€; Tables 25

26). The (semi)landmark configurations were applied to all the targets in which facets were clearly visible. To
be considered geometrically homolog@Gsinz & Mitteroecker, 2013), semilandmarks were allowed to slide

on the curves and surface, to minimize tpiatespline bending energy (Slice, 2006) between template and
targets. Thensemilandmarks were allowed to slide against recursive updates Bfdhristes consensus

(Rohlf and Slice, 1990). The coordinates were then registered with a Generalized Procrustes Analysis (GPA)
where the size was removed and the specimens were scaled and translated. The GPA was performed in R,

using geomorphAdams & OtarolaCastillo, 2013).

Figure 32 - (semi)landmark configuration. Landmarks are represented in orange. Curve semilandmarks are represented in green,
surface semilandmarks in magenta.

Table251 Configuration of landmarksType of landmarks assigned according to Bookstein (1997).

Description Type of landmark

01 Most distal point of contact between the medial malleolar facet and the trochlea I
02 Most lateral point of the head I
03 Most medial point of the head Il
04 Most medial point of the anterior calcaneal facet [
05 Most proximemedial point of the posterior calcaneal facet Il
06 Most lateral point of the posterior calcaneal facet Il

07 Most lateral point of contact beten trochlea and neck [
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08 Most proximal point of contact between the medial malleolar facet and the trochlear ¢ Il
09 Most posterior point on the posterior calcaneal facet Il
10 Most laterabposterior point of the trochlea i
11 Mostlateral point on the anterior calcaneal facet i

L11-L3

L6-L9

Figure33 - Gonfiguration of (semi)landmarks. Anatomical landmarks (orange) and curve semilandmarks (green) are represented.
Curves are described in Table 26.

Table26 - semilandmarks

Semilandmarks on curves N
Curve LEL8: Medial margin othe trochlea 7
Curve [2-L3: Head 9
Curve L3L4: Medial margin othe anterior calcaneal facet 3
Curve L4L11: Posterior margin ahe anterior calcaneal facet 9
CurvelL6-L9: Lateral margin of the posterior calcaneal facet 6
Curve L7L1: Distal margin ofthe trochlea 9
Curve L7-L2: Lateral ridge 6
Curve L8-L10: Posterior margin of the trochlea 4
Curve L9L5: Posterior margin ahe posterior calcaneal facet 4
Curve L8L1: Inferior margin ofthe medial malleolar facet 7
Curve L1GL7: Lateral margin ofhe trochlea 8
Curve L1tL2: Most inferior margin of the head 4
Curve L1:L3: Most anterior margin of thenterior calcaneal face 7
Semilandmarks on surface N
Neck 15
Head 30
Posterior Calcaneal facet 10
Sulcus Tali 20
Trochlea 15
Medial malleolar facet 12
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Anterior calcaneal facet 11

Lateral suface 20
Posterior suface 11
Medial surface 10

A shape and form space Principal Component Analysis (PCA) was carried out on the Procrustes coordinates
to explore talar shape variation during growth using Morpho (Schlager, 20ET) aFshapiro Normality Test

and a Levene test weperformed, to assess the distribution of the data and its homoscedaEtieitybased

on the fulfillment of the assumptiothe respective parametric or aparametric testsAhalysis of Variance
(ANOVA), KruskatWa |l | i s rank sumhodtastst andubanbéstpfind any) wer
significance variance between group means al ong t
was perform to asses if shape variations were related td\diaen-space PCA (i.e., shape + size) wasiedr

out by augmenting the Procrustes shape coordinates by the natural logarithm of CS. Visualization of shape
changes along the principal axes was obtained by TPS deforr(Btiokstein 1997pf the Procrustes grand

mean shape surface in Avizo 7.1 (Visualization Science Group Trie)analyses were penfoed for both

the whole talar shape arsgparately for each articular faceicept for thdateral malleolarfacd, which

develop after 6 years and it was not possible to include all the specimens in the study sample, to study the facet
development fromhe early beginningAs a consequence, (semi)landmarks of each articular facet were
extrapolated; then, a GPA and thisoveanalysis were performed for each facet, to thoroughly analyze the
shape changeb addition atwo-block partial leastsquareanalyss (Rohlf and Corti 2000)vas run tcassess

the degree of association between tacks of Procrustealigned coordinates, i.€different articular facets

In addition,a multivariate effect size describing the strength of the effect is estimated from the empirically
generated sampling distributigAdams et al. 2018)

4.2.3.Biomechanical analyses

After the abovementioned segmentation processes, the ttdeand cortical bone were separated following

the protocol outlined by Gross and colleagues (2014) using Medtool 4.3 (Dr Pahr Ingenieurs e.U, 2017).
Briefly, opening and closing filters (ker megibn si z e
growingo function wer e a gaskd seipgt withis Medmol ta remavescorticali z e c
porosity and facilitate the creation of a uniform shell that is then filled to create three different masks, namely
outer (i.e. the outer shelf oortical bone), and inner (i.e. the boundary between cortex and trabecular region),
which separates cortical from trabecular b{lBeoss et al. 2014; N. B. Stephens et al. 2016, 20I8&, the

inner mask is subtracted from the outer one, creating the cortical thickness mask. For this study, only the inner
region, i.d. trabecular bone, was used. Finally, a tetrahedst of trabecular bone was generated using the
computational geometry algorithms library CGAkvww.cgal.org, a mesher that creates a 3D finite element
model using Delauney triangulation (Delaunay, 1934; Gross et d4; ZJdomza and Skinner, 2019).

Quantification of bone volume fraction (BV/TV), which is the ratio of trabecular bone voxels relative to the
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total volume of voxels (Fajardo et al., 2007: Kivell, 2016), and Degree of Anisotropy (DA) which describe the
degreeof orientation of the trabecular struts (Klomnza and Skinner, 2019), was carried out on the trabecular
mesh by moving a sampling 5 mm sphere along a background grid with 2.5 mm spacing for each scan (Pahr
and Zysset, 2009; Gross et al., 2014). BVITV (beoeels/total voxels) is expressed as a percentage, DA is
calculated as €Jeigenvalue3/eigenvaluel]) and is scaled between 1 and 0, where 1 is highly anisotropic and
0 isotropic, following the Mean Intercept Length (MIL). The resulted colormaps werevitigalized in
Paraview 3.14.1 (Sandia Corporation, Kitware Inc). Mean trabecular thickness (Th.Th, mm), trabecular
numbers (Th.N), and mean trabecular spacing (Tb.Sp, mm) were calculated (Hildebrand and Ruegsegger,
1997; Stephens et al., 2017).

3D datistical compdasonshbetween groupsvere perfomed followingthe Phenotypic PointCloud Analysis
protocol proposed bypeMars et al. (2020StephensDeMars et al.2020) for DA and BV/TV. Briefly,
trabecular meshes were alignasing a modified version of th®lIATLAB auto3dgm packagéTingran
Winchester, and Stephens 202The auto3dgm package presents an algorithm which permits the fully
automatic placement of corresponcence points on digital models, thiese pseudolandmarks (i.e. landmark

like points) can be input into standard geometric morphometrics soft(Bogsr et al. 2016 Here, we used

a set of 1200automatically placedpseudolandmarksSubsequently, we performed GPA using the
GeoMorpho Rpackage(Adams et al. 2018)and we proceeded finding the mean specimen. This step is
necessary to obtain a meaesh by finding the closetd-themean specimens, on which we warped the mean
GPA coordinates of all our samplgtéphens, Kivell, Pahr, Hublin, & Skinner, 2018E)e average trabecular
meshobtainedwas thertetrahedralized usingith evenlyspaced (1.748m) pointsusing TetWild(Hu et al,
2018)and vertices were converted tpaint cloud.Individual point clouds were then obtained by interpotatin
BV/TV and DA scalar value$o thevertices of the tetrahedralesh which were then aligned by applyittge
auto3dgmtransformation matrixes followed by rigid, affine, and deformable alignment usimgython
implementation othe Coherent Point Drift atgithm (Myronenko and Song 2010BV/TV and DA scalar

values were linearly interpolated from each individual point clouds to the corresponding pdietsandanical

point cloud using SciPfVirtanen et al. 2020b, 2020ahd the mean, standard deviation, and coefficient of
variation for eaclgroup were mapped to theerageoint cloud andstatistcally compard across the sample.

The homologous points were compared using ataited ttest, with Pvalues correctedFriston 1995;
Worsley et al. 1996nd interactivelyisualizedin Paraviewwith figures being automatically generated using
PyVista(Sullivan and Kaszynski 2019)
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4.3.Results

4.3.1.External morphology

4.3.1.1.Shape space

The first three PCs explain the 57.9% of the total variance (Fi@drand 3). ShapireWilk normality test

show that the first two PGgerenot normally distributed (PC1: W 09, p-value= 0005 PC2: W=0.9, p

value= 0.04, PC3: W= 0.9, pvalue= 0.3) while the Levene test attested for equality of variance, with p
valuesfor all the first three PCE*C1:Test Statistic = 0.7695;yalue = 0.4722; €2: Test Statistic = 0.98537,

p-value = 0.3851; PC3: Test Statistic = 0.097289aljue = 0.9076)Most d the morphometric variation is
explained by PC1 (38.9%), i.e. ontogenetic allometry. Negative scores account for a more immature
morphology, with the articular facets barely noticeable, the trochlea has already started to expand and increase
its concavity while the medial and lateral rims have started to grow. The calcaneal facets are still developing,
but their morphology is still immature, with a larger sulcus tali between them and a tridiigukdrape of

the posterior facet. Positive values descrimeadult morphology, with well develop articular facets. The
trochlea is well defined, is elongated in a mediatal orientation and its concavity is well defined, with the
lateral and medial rims well delineated. The lateral and medial malleolar éaeetdult like in shape, as the
subtalar facets, with the posterior one which clearly shows its rotation and deep concavity. Space between
articular facetss reduced, and the head is medially orienta®€eR (2.4%) shows a clear development of the
trochlea along positive values, and a more demarcation of the anterior subtalar fac&QC8hdereq6.5%)

captured the increase in medial orientation of the hElad.shape scores for PC1 are significantly different
(KruskatWallis chisquared 24.002 p-value =6.138e06), while differences along PC2 and PC3 scores are

not significant (PC2: chsquared = 1.9, df = 2;yalue = 0.3; PC3: df = 2,-test = 0.5, pralue =0.5)Du nn 6 s
posthoc testresults are shown in Dk 27. There are significant differences between each age group. From
4.1-6 year to 6.110 years, the head shows a great increase of the medial rotation, while the trochlea greatly
expands and change in shape, becoming more squared in dorsal viewhantdimgtease in rotation. Articular

facets are, in general, more delineated, even though, especially the posterior calcaneal facet, is still triangular
in shape and has not yet developed its concavity. The most astounding changes are visible id3heats1
agegroup, with an adulike morphology, as captulldy PCs positive values (Figuds). The shape variation
described by PCL1 is significantly related to gize).92, p-value=7.573e14), while the correlation with size

for PC2 and 3 is not sigitant (pvalue >0.5)Figure 5 shows the mean shape of the age cldsgeses36

and37illustrates changes along PCs axes and mean groups.

Table27 - Resultsof Dunn'stestPosthocfor PClscores
4.1-6years 6.1-10years

6.1-10years 0.28 -

10.1-15years 2.6e06 0.02
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Figure34 - 2D plot in shape space. Circles highlight the separation within the oldest group, i.e. betweerai® 1215 years
Individuals from Bologna, for which sex was known, are represented by circles (males) and squared symbolsDjEmaie)s

representthe archaeological samplédhe black point represents Paglicci individual.

PC1
Figure35- Shape space 3D plot. Group means are represented for each agdMeassshapes are represented, for each age
group, in dorsal, palmar, medial, and lateral view.
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Figure36 - Shape variation along the first three PCs axes. Tali are represented in dorsal, palmar, medial, and lateral views.

Negative
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Mean Group >4 — 6 years Mean Group 6.1-10 years

Mean Group 10.1-15 years

Figure37 - Mean group shapes.Tali are represented in dorsal, palmar, medial, and lateral views.
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Partially Least square results are summarized in #hland plots for each analysiee shownn Figures 38
40. Results show théihe association between shape is significant for the navicular facet in association with
both trochlea and anterior calcaneal facet, for the trochlea in association with both the posterior calcaneal facet

and medial malleolar facet and for the posteracaneal facet and medial malleolar facet.

Table 287 PLS results for the association between articular facets

r-PLS P-value Effect size

Navicular facet vs trochlea 0.58 0.02 2.20
Navicular facet vs Anterior calcaneal facet 0.90 0.001 6.32
Navicular facet vs posterior calcaneal facet 0.50 0.18 0.91
Navicular facet vs medial malleolar facet 0.40 0.69 0.59
Trochlea vs anterior calcaneal facet 0.46 0.20 0.73
Trochlea vs posterior calcaneal facet 0.86 0.001 5.72
Trochlea vs medialmalleolar facet 0.91 0.001 6.19
Anterior calcaneal facet vs posterior calcaneal fac 0.47 0.40 0.19
Anterior calcaneal facet vs medial calcaneal facet 0.50 0.22 0.73
Posterior calcaneal facet vs medial malleolar face 0.86 0.001 5.31
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PLS1 Plot: Block 1 (X) vs. Block 2 (Y) PLS1 Plot: Block 1 (X) vs. Block 2 (Y)
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Figure38¢ 2D plot of the tweblock pls results. In each plaidividuals from Bologna, for which sex was known, are represented by
circles (males) and squared symbols (femadkamondsrepresent the archaeological sampl€ke filled pint represents Paglicci
individual.Pink represents the 48 yearold age group; green represents the -8 yearold age group; purple represents the 1-0.1

15 yearold age group.
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PLS1 Plot: Block 1 (X) vs. Block 2 (Y) PLS1 Plot: Block 1 (X) vs. Block 2 (Y)

Anterior calcaneal facet vs trochlea Anterior calcaneal facet vs posterior calcaneal facet
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Figure39- 2D plot of the tweblock pls resudt In each plotndividuals from Bologna, for which sex was known, are represented by
circles (males) and squared symbols (fem@&mondgepresent the archaeological samplBise filled point represents Paglicci
individual. Pink represents the 46lyear-old age group; green represents the-40 yearold age group; purple represents the 0.1
15 yearold age group.
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PLS1 Plot: Block 1 (X) vs. Block 2 (Y) PLS1 Plot: Block 1 (X) vs. Block 2 (Y)

Navicular facet vs trochlea - Navicular facet vs posterior calcaneal facet
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Figure40 ¢ 2D plot of the tweblock pls results. In each platdividuals from Bologna, for which sex was knpane represented by
circles (males) and squared symbols (fem&@&mondsepresent the archaeological samplBse filled point represents Paglicci
individual. Pink represents the 46lyearold age group; green represents the-d@ yearold age grouppurple represents the 10.1
15 yearold age group.

4.3.1.2.Form space

The first three PCs explain the 89.4% of the total variance (FiglreShapireWilk normality testreveals
thatonly PCland PC3resenta normal distributiofPC1: W= 0.9, p-value= 04; PC2: W= 0.9, pvalue=
0.008; PC3: W=0.9, pvalue= 0.5) while the Levene test attested for equality of varidacall the first three
PCs (PC1Test Statistic = 0.90735;\ymlue = 0.4144; PC2: Test Statistic = 0.4093%afe = 0.6678PC3
Test Statistic = 0.16177,-yalue = 0.8514) Most of the morphometric variation is explained by PC1
(84.27%),which is completely driven by size (Pearson r=0.9@lye= < 22e-16) while the correlation with
size for PC2 (3.02%) and 3 (2.14%), is smnificant (pvalue >0.5), and account for minor morphological
changes.The oldest group is clearly separated from the youngest giidhgp.shape scores for PC1 are
significantly different ANOVA: df = 2, F-test= 53.4 p-value =4.3e10), while differerces along PC2
(KruskalWwallis chi-squared = 1.1058, df = 2;y@alue = 0.5753) and PCARNOVA df = 2, Ftest = 1.3, p
value = 0.2) were not significantukey postoc test results are shown in Tabf

Table29 - Tukey posthoc test results in form space

Age classes diff lwr upr padj
4-6years vs 6110 years 0.18 0.05 0.30 0.003
10.1-15 years vs $years 0.45 0.34 0.55 0.000
10.1-15 years vs 6:10years 0.26 0.14 0.38 0.000
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4-6 years
6.1-10 years
B 10.1-15 years

m Paglica

PC3

PC2

PC1
Figure41- 3D plot in form space. The increase in size clearly separates the oldest agdrgroupe two youngest cohorts

4.3.1.3.Separate facets

Anterior calcaneal facet

Thefirst three PCs explain the 78.7% of the total variaffigure 42). The three groups are not separated.
PC1 (49.9%) account for a more immature shape (i.e. negative vddssshomboidal in shape and with a
smooth anterior margin, almost invisible, while positive values (i.e. oldest individuals) shove alefioe
facet, with clearly marked anterior margin and an anpesterior elongation. PC2 (21.1%) describe an
enlargement of the facet along positive values, WRRS (7.6%)captures a slight change in the anterior
surface of the facet, which becomessldlat ShapiroNormality testshows that the first three PCs ane
normally distributed (PC1: w = 0.9;y@lue = 0.07; PC2: w = 0.9,\ymlue = 0.2; PC3: w.9,-palue = 0.5).
ANOVA shows significant difference along P@f=2, F = 37, p-value = 0.@) and PC3 valued{f = 2, F =
5.7, p-value =0.007, while differences along PC2 are not significant (df =-2e4$¥ = 0.6, pvalue = 0.5)
Tukey Postoc test results are shown in TabBfsand31. PCL1 is correlated with size (r = 0.29yvalue =
0.0003).

Table30-T u k e y éhsc tgstesailts forPC1

diff wr upr p adj
4-6years vs 6110 years -0.06 -0.19 0.05 0.37
10.1-15 years vs $years -0.11 -0.22 -0.00 0.02
10.1-15years vs 6:10 years -0.04 -0.16 0.06 057
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Table31-T u k e y 6éhsec tgstesults forlPC3

diff Iwr upr p adj
4-6years vs 6110 years 0.02 -0.00 0.07 0.28
10.1-15 years vs $years -0.02 -0.06 0.009 0.15
10.1:-15years vs 6:10years -0.06 -010 -001 0.0
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Figure42 - PCA plots. On the left, PC1 and PC2. On the right, PC1 and PC3. Shape space plots of the anterior calcaneal facet do not
separate age classemdividuals from Bologna, for which sex was known, are represented by circles)(aradesquared symbols

(female).Diamondsepresent the archaeological samplBse black point represents Paglicci individual.

Form space

The first three PCs explain he 92.6% of the total varigitgure 8). PC1 account for the 79.2% of the
variance while PC2 and PC3 account for tBe2%and5.1% of the variance, respectivelghapiro test show
that the first three PCs scores are normally distributed (PC1: w =@a@)@= 0.06; PC2: w = 0.9;\@mlue =
0.6; PC3: w = 0.9, palue = 0.1) ANOVA shows tha significant differences are presantily along PC1
scores PC1: d = 2, F = 218, p-value= 1.38e-06; PC2: df = 2; Rest = 0.23; pralue = 0.7; PC3: df = 2;-F
test=0.35;pralue=0.7 . T u k érgcdest highligkt differences among each age class (32hlelated
to the great increase in size (Pearson, r = @9@jue = < 2.2€16).
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Table327 T u k e y 6hsc tgstaesults for PC1

diff Iwr upr adj
4.1-6years vs 610 years 0.21 0.00 042 0.04
10.1-15 years vs 4-6years 0.49 0.30 0.6/ 0.0
10.1:-15years vs 6:10years 0.2/ 0.07 0.47 0.006

4-6 years
6.1-10 years
B 10.1-15 years
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Figure43 - 2Dform space plotsThe first three PCs do not separate age clagedaziduals from Bologna, for which sex was known,
are represented by circles (males) and squared symbols (feD@e)ondsrepresent the archaeological sampléke black point
represents Paglicci individua

Navicular facet

Thefirst three PCs explain th&4.21%of the total varianc€rigure 4) and do not separate age clasfi&sl

(52.8%9 account for a more globular head morphology, which shows an increassliatlateral elongation

along positive scores, with a more prominent superior margin and a flatter profile183%(and PC3

(8.07%) describedoth increases in head medidrgation with PC3 accounting for ontogenetic allometry

The first three PCs®d s c o fWlisnormality test: BC1lme=I00palud #G3t r i bu
PC2: w =0.9, pvalue = 0.2; PC3: w = 0.9,ymlue = 0.1) ANOVA shows significant diffeence along PZ

(df = 2, Ftest = 3.9p-value = 0.@) and PC3 valuesi{ = 2, Ftest = 7.23p-value = 0.0@), while differences

along PC1 are not significant (df = 2tést = 1.04, ralue = 0.3) Tukey Poshoc test results are shown in
Tables33 and34. PC3 is correlated with size (r = 0.5yalue = 0.001).

Table3371 T u k e y 6hsc tgstaesults for PC2

diff Iwr upr  p adj
4-6years vs 6110 years 0.06 000 01 0.2
10.1-15 years vgl-6years 0.3 -0.00 0.0/ 021
10.1:-15years vs 6:10years -0.02 -0.0/ 0.2 0.38
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Table341 T u k e y 6hsc tgstaesults for PC3

diff  Iwr upr p adj
4-6years vs 6110 years 0.02 -001 006 02
10.1-15 years vs $years 0.04 0.01 0.08 o0.000
10.3-15years vs 6-:10years 0.02 -0.01 0.06 0.4

4-6 years
@ 6.1-10 years
| 10.1-15 years

| Paglicci

010 015 020 025

025 020 -015 -010 0

Figure 44 - 2D shape space ploffhe first three PCs do not contribute in separating the three age groups in shape space.
Individuals from Bologna, for which sex was known, are represented by circles (males) and squared symbol®{fenuald}.

represent the archaeological samples The black point represents Paglicci individual.

Form space

When size is included, tHest three PCs account for the 91.07% of the total varifificrire %), with PC1
explaining the 72.3% of the variability (PG2L4.9%; PC3= 3.7%).The oldest group is well separated from
the youngest groupShapireaWilk normality test shows that the first three PCs are normally distributed (PC1.:
w = 0.9, pvalue = 0.2; PC2: w =0.9;yalue = 0.3; PC3: w = 0.9;yalue = 0.1)ANOVA shows significant
differences between groupbong PC1YDf = 2, Ftest = 42.1p-value =1.94e-09; PC2: df = 2, Rest =0.14, p
value = 0.8; PC3: df = 2,-test = 2.7, pralue = 0.0}, an d T u k e-god sest pighlght significant
differences between each group (Te@8g PC1 is highly correlated with size (r = 0.99%gue =< 2.2e16).
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Table357 T u k e y 6hsc tgstdos RC1

diff Iwr upr  padj
4-6years vs 6110 years 0.16 0.04 0.29 0.006
10.1-15 years vs $years 040 0.29 0.5 0.000
10.1:-15years vs 6:10years 0.23 0.11 0.35 0.0001
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Figure45- 2D form space plotndividuals from Bologna, for which sex was known, are represented by circles (males) and squared
symbols (femaleDiamondsepresent the archaeological samplEse black point represents Paglicci indiaidu

Medial malleolar facet

The first three PCs describe the 71.1% of the total varidrigere %), with PC1 (37.8%) describing an
immature medial malleolar facet (i.e. negative values), with slightly visible rims and a flatter profile. Along
positive values, the superior profile increase in heights as the trochlea develops, producing a more arched facet
superior profile and a more pointed proximal surface. The facet becomes more concave. PC2 (20.4%) account
for an increase in size, while PCB2(9%) account for slight changes in the anterior margin, which becomes
more defined along positive valuehapireWilk normality test accounts for the normal distribution of the

first three PCs scorePC1: w=0.9, pvalue = 0.5; PC2: w = 0.9;ymlue = 01; PC3: w = 0.9, walue = 0.5).
Anovahighlight significant between groups along PC2 scores (df st@str= 20.5, pralue = 2.44€06; PC1.:

df = 2, Ftest = 0.14, value = 0.8; PC3: df =2,-fest = 0.05, pvalue =0.9) T u k e-ho@ are ghaws in

Table 36. PC2 is highly correlated with size (Pearson r=0valpe =1.299e06).

Table367 T u k e y 8hsc tgsforsPC2

diff Iwr upr  p adj
4-6years vs 6110 years 0.03 -0.004 0.07 0.08
10.1-15 years vs $years 0.9 0.6 0.12 0.00001
10.1-15years vs 6:10years 0.06 0.01 0.09 0.004
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Figure46 - 2D plot in shape spacfge groups do natontribute inseparaing the sample Individuals from Bologna, for which sex

was known, are represented by circles (males) and squared symbols (febimtedndsrepresent the archaeological samplEse

black point represents Paglicci individual.

Form space

The first three PCs account for the 92.4% of total variéificeire 4), with PC1 explaiig the82.06% while

PC2 and PC3 account for the 7.6% and 2.3% of the variance, respe&heghyroWilk normality test attests

the normal distribution of the first three PCs scores (PC1: w = @8lue =0.5; PC2: w = 0.9;yalue = 0.3;

PC3: w =0.9, pvalue = 0.3ANOVA shows statistical differences angppRC1 valuesdf= 2, Ftest=40.6 p-

value =2.89e09, whil e di fferences among groups are not s
2, Ftest=0.1, pralue = 0.8; PC3: df = 2-test = 0.3, pralue =0.7) T u k e-fod st nesuls are shown

in Table37. PC1 is highly correlad with size (Pearson r = 0.99yplue =< 2.2e16).

Table371 T u k e y 6hsec tgstdasP€C3.
diff Iwr upr padj
4-6years vs 6110 years 0.17 0.03 0.3 0.009
10.1-15 years vs $years 043 0.31 0.5 0.000
10.:-15years vs 6:10years 0.25 0.12 0.39 0.0001
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4-6 years
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B 10.1-15 years
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Figure47 - 2Dform space plot. The first three PCs do not clearly separate the three ghadipgduals from Bologna, for which sex
was known, are represented by circles (males) and squared symbols (fdDiaedndsrepresent the archaeological sampléEse
black point represents Paglicci individual.

Posterior calcaneal surface

The first three Es account for the 78.8% of the total variafEgure 8) captured the medial increase in
rotation of the articular face®C1 (44.07%) account farmore trianglar shape in the youngest cohort, which
increase in size along positive scores, chanmtoa more rectangular shafp®C2 and PC3 (18.1% and 16.9%,
respectively) describglight morphological changes the elongation of the medial margin in a predistail
direction, and the increase in convexity of the fa8kapiroWilk normality test attestthe normal distribution
of PQ2 (w=0.9, pvalue = 06) and PC3 (w = 0.9,-palue = 02), while PC scores are not normally distributed
(w= 0.9, pvalue =0.05. KruskalWallis highlight significant differences among PC1 valuesi-6quared =
22.896, df = 2, pralue = 1.06745), while Anova shows not significant differences among PC2 and PC3
(PC2: df ) 2, Rest = 2.28, pralue = 0.11; PC3: df = 2,-fest = 0.764, walue = 0.4. Pearson's product
moment correlatioshows a high correlation between PC1 and size (r =0-94|lye =<2.2e16). Dunnd s

posthoc test results are shown in TaB&

Table381 Dunnd s -poc &gt results for PC1

4.1-6 years| 6.1-10years
6.1-10years | 1.0000 -
10.1-15years| 2.3e05 0.0024
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B 10.1-15 years

m Paglicci

Figure48- 2D shape space plotge groups are not clearly separated along akefividuals from Bologna, for which sex was known,
are represented by circles (males) and squared symbols (feD@e)ondsrepresent the archaeological sampléke black point

represents Paglicci individual.

Form space

The first three PCs explain the.8%6 of the total varianc@-igure 4), and do not contribute in separating the
age groupsPC1lexplains ther9.246 of the total varianceyhile PC2 and PC3 explain the 8.2% and the 5.1%,
respectively, of the total variancBhapireWilk normality test attes the normality distribution of the first
three PCs score (PC1: w = 0.9yglue = 0.06; PC2: w = 0.9;\mlue = 0.6; Pc3: w = 0.9;yalue = 0.1)PC1

is highly correlated with sizéPearsonr = 0.82 p-value = 6.835@®9). Anova shows ignificant differences
are present among PC1 scoieé% 2, F = 218, p-value =1.38e - 06), while differences among PC2 and PC3
scores are not significant (PC2: df = 2elst = 0.23, gvalue = 0.7; PC3: df = 2,-test = 0.35, gvalue = 0.7)

T u k e y 6hsc tgstaesults are shown in TaBie

Table391 T u k e y 6hsc tgstaesults for PC1

diff Iwr upr padj
4-6years vs 6110 years 021 0.003 042 o004
10.1-15 years vs $years 049 0.0 067 0.00
10.3-15years vs 6:10years 0.27 0.07 047 0.006
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