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Introduction: The talus plays an important role in receiving and dissipating the

forces and linking the leg and the foot. As such, it is of paramount importance to

analyze how its morphology, internal and external, changes during late ontogeny

and through adolescence.

Method: To explore both the external shape and the internal architecture of the

talus, Geometric Morphometrics and trabecular analysis have been applied to a

sample of 35 tali from modern human juveniles aged between 5 and 15 years old

(Middle Neolithic (4800–4500 BCE) to mid-20th century).

Results: Results show that, as the overall size of the talus increases, the shape and

orientation of talar facets also change. The youngest individuals exhibit a functional

talus that is still characterized by a relatively immature shape (e.g., subtly expressed

margins of articular surfaces) with articular facets only minimally rotated towards

an adult configuration. In adolescents, talar shape has achieved adult form after the

age of 11, with all the articular facets and posterior processes well-developed.

Considering internal morphology, trabecular bone varies between age classes.

While Bone Volume Fraction shifts during the age 5–15 range, Degree of

Anisotropy is relatively more stable over the developmental period examined in

the study since it exhibits smaller variations between age classes.
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Discussion: This study examined the late ontogeny of the human talus by

considering both internal and external morphology. Results suggest that,

although the locomotion has already assumed an adult-like pattern, the

exploration of late talar growth may help understand how the talus adapts to

changes in locomotor activity and how it responds to the increase in weight.

Present results can be used to a better understanding of talar plasticity, improving

interpretations of adult human talar form.
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1 Introduction

During growth, the human body undergoes relevant changes

that include both morphological modifications and an increase in

size and weight. Children steadily gain mass during childhood, but

it is with the pubertal growth spurt that body weight increases more

rapidly. In this relatively short period, about 50% of adult body

weight is gained (Barnes, 1975). Articular surfaces are thought to

remain potentially plastically responsive to load during growth, as

they can change their shape and orientation (Hellier and Jeffery,

2006; Russo and Kirk, 2013). In contrast, after the completion of

skeletal development, bone shafts respond to a rise in stress by

increasing their diaphyseal cross-section (Ruff et al., 1991). As such,

the foot, which is the sole structure that sustains the entire body

weight while contacting terrain during walking and standing, must

cope with these enormous changes over the course of development.

In particular, the talus plays a pivotal role in this mechanism.

Anatomically, the talus articulates with the tibia and fibula,

forming the talocrural joint, through the trochlea, medial, and
02
lateral malleolar facets (Figure 1). Through its articulation with

the tibia and other tarsals, the talus facilitates a wide range of

movements, e.g., dorsiflexion and plantarflexion, pronation and

supination. For example, the talus articulates with the calcaneus

inferiorly, through the anterior, middle, and posterior calcaneal

facets, and anteriorly with the navicular through the navicular

facets, forming the subtalar and talonavicular joints, respectively

(White and Folkens, 2005). At the ankle joint, the talus, i.e., the

bone that connects the leg and the foot, needs to maintain

congruence with adjacent bones to effectively transmit forces and

prevent injury from excessive localized force in the joint. During

development, talar morphology undergoes substantial adjustments,

both internally and externally. Changes in articular surface shape

and orientation instead of changes in surface area may offer a better

adaptive solution to increase load bearing in a bone, while still

providing a solution to constraints of spatial constriction (Hellier

and Jeffery, 2006). While this is true for all the tarsal bones, for the

talus is especially important since it must cope with transmitting

great forces through a relatively smaller articular surface with
FIGURE 1

Anatomy of the talus. From upper left, clockwise: dorsal, plantar, lateral, medial views.
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respect to, for example, the more spacious bony articulation in the

knee joint, i.e., the femoral condylar surface (Lieberman

et al., 2001).

The talus in its role as a weight-bearing element and the

tibiotalar joint as enabling a wide range of mobility are

determinants of its bony development and morphology (Hellier

and Jeffery, 2006). However, due to structure-spatial constraints in

the conformation of tibiotalar (i.e., the ankle mortise) and subtalar

articulations, talar articular surfaces are prevented from over-

expanding in external dimensions in response to load increases.

This implies a different mechanism for coping with increasing

forces, i.e., compressive, tensile, and shearing loads. As noted by

Hellier and Jeffery (2006), talar facets respond to load changes by

adjusting surface orientation to optimally transmit stress.

Both external morphology and internal structure, i.e., trabecular

bone, result from an interaction between genetic and non-genetic

influences (Judex et al., 2004; Havill et al., 2010; Barak et al., 2011;

Raichlen et al., 2015) e.g., hormones, vascular patterning (Kivell,

2016). Trabecular bone has a faster (re)modeling rate than cortical

bone (Barak et al., 2011). The trabeculae formed during growth

undergo complex metabolic and mechanical changes that ultimately

result in adult architecture (Keller et al., 2001; Ryan and Krovitz,

2006; Gosman and Ketcham, 2009). Bone functional adaptations

throughout ontogeny are of paramount importance in the talus

because of increased loading during this period. The superior

trochlear surface has a relatively large weight-bearing surface area

that receives most of the body weight transmitted through the talar

facet, while proportionately smaller forces are transmitted to the

medial and lateral talar malleolar facets. Previous analyses of the

internal morphology of tarsal bones, such as the talus, revealed a

relatively isotropic structure around birth, together with high values

of bone volume fraction (BV/TV), combined with numerous, thin,

and closely packed trabeculae (Saers et al., 2020; Figus et al., 2022;

Figus et al., 2023). During the first six months post-birth, BV/TV

values steadily decrease as trabecular number (Tb.N) decreases due

to resorption of trabeculae (Acquaah et al., 2015; Saers et al., 2020).

Then, around 12 months post-birth, the degree of anisotropy (DA)

increases, while BV/TV also increases, coupled with thicker, more

largely spaced struts.

Talar morphological plasticity has been previously assessed in

adults (Turley and Frost, 2013; Turley and Frost, 2014a; Turley

et al., 2015; Sorrentino et al., 2020a; Sorrentino et al., 2020b) and on

ontogenetic samples (Hellier and Jeffery, 2006; Turley and Frost,

2014b). However, no previous study of both internal and external

morphology has focused on late ontogenetic changes, i.e., from late

infancy to adolescence. This leaves a gap in the literature around a

critical life history phase when an individual is entering the adult

world, preventing a comprehensive and holistic understanding of

talar morphological changes. During this last phase of talar growth,

mature bipedal locomotion has already been acquired and the

human body is undergoing a growth spurt concurrent with

performing more intense load-bearing activities.

Here, we address this gap by exploring the plasticity of the

human talus on a sample aged between 5 and 15 years and

documenting the last phases of growth with a focus on how
Frontiers in Ecology and Evolution 03
external and internal morphology copes with increases in

body weight.

The main goals of this study are:
1) to analyze the development of talar articular facets by

defining the age of onset of changes in their orientation

in response to an increase in body weight, as first observed

by Hellier and Jeffery (2006)

2) to document internal morphological changes accompanying

increases in body weight and the presumably stronger

loading demands resulting from a more intense lifestyle,

i.e., adolescents stepping into adulthood.
Based on previous investigations (Hellier and Jeffery, 2006;

Turley and Frost, 2014b), we hypothesize that we will find a

slight increase in talar facet size during late childhood followed by

a more pronounced re-orientation (e.g., rotation) of the articular

facets in response in increased locomotor loading. We postulate that

the 1) superior trochlear surface and posterior calcaneal facets and

the 2) navicular and anterior calcaneal facets will covary as pairs,

modifying their orientation to better cope with the directionality of

the forces that pass through them.

Based on numerous studies on the ontogeny of the trabecular

architecture (Ryan and Krovitz, 2006; Raichlen et al., 2015;

Colombo et al., 2018; Saers et al., 2020) we also hypothesize that

BV/TV will increase during growth, attaining maximum values, in

this study, around adolescence. This increase will be likely

accompanied by an increase in trabecular thickness (Tb.Th),

while strut number and spacing will remain similar throughout

the growth period. BV/TV values are expected to increase and

become higher laterally in the middle region and medially in the

anterior region, as the talus receives loads from the tibia, head, and

posterior calcaneal articular facet.

Degree of anisotropy (DA) is expected to slightly increase

before the age of 7–8, together with the achievement of an adult-

like gait; then, it will stabilize, as gait reaches a more mature and

adult-like pattern, i.e., more consistent and predictable kinematics.

After DA reaches a plateau, we postulate that the areas with the

highest DA values will be visualized beneath the articular surfaces of

the talar head and posterior calcaneal facet, due to substantial

compressive forces passing through them, while lower DA values

are expected beneath articular surfaces of the superior trochlear

surface and anterior and medial calcaneal facets, as has been

suggested to receive the weight from the tibia and to reflect a

presumed medial weight shift during late stance (Su and

Carlson, 2017).
2 Materials and methods

The sample consists of 35 tali from modern human juveniles

aged between 5 and 15 years old, ranging from the Middle Neolithic

(4800–4500 BCE) to the mid-20th century. Eleven individuals (F=6;

M=5), aged between 5 and 11 years, came from the modern human

skeletal collections housed at the University of Bologna, Italy, for
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TABLE 1 Study sample. Individuals are listed by population.

Site Specimen Chronological Period Age-at-death
(in years) GM analysis Trabecular analysis

BeliManastir

G20

4800–4500 BCE

5.5–6.5 ✓** ✓

G1 7–9 ✓

G4 12–14 ✓ ✓

G2 12–14 ✓

G5 13–15 ✓

G9 13–15 ✓

G31 7–8 ✓

Bologna

BO4_F*

20th century

5 ✓

BO5_F 5 ✓ ✓

Parma7_F 5 ✓ ✓

BO6_F
5 years

and 10 months
✓ ✓

BO1_M
5 years

and 8 months
✓ ✓

BO11_F 6 ✓ ✓

BO40_M 9 ✓ ✓

BO6_M 7 ✓

BO39_M 11 ✓ ✓

BO81_M 11 ✓ ✓

Parma10_F 13 ✓ ✓

Ilok
G23

13th–15th century
12–15 ✓

G26 14–15 ✓

Paks TO–18

1164

14–16th century

5–6 ✓ ✓

1865 7–8 ✓ ✓

1156 13–14 ✓ ✓

Perkáta–Nyúli dűlő

435 14–16th century 6–7 ✓

1575 10–12th century 6–8 ✓ ✓

752 14–16th century 7–8 ✓ ✓

2123 10–12th century 7–8 ✓ ✓

116 14–16th century 11–12 ✓ ✓

734 14–16th century 13–15 ✓ ✓

Velia

T375us2129

1st–2nd century

5 ✓

T320us1431 7–8 ✓

T390us2207 5–6 ✓ ✓

T333us1489 6–7 ✓ ✓

T138us1636 9–10 ✓ ✓

T365us2028 12–15 ✓ ✓
F
rontiers in Ecology and Evo
lution
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*The last letter in the identification number of the Bologna Collection individuals indicates the sex.
** The ✓ symbol indicates that the specimen has been included in the analysis
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which sex, age-at-death, and cause-of-death are known (Belcastro

et al., 2017; Table 1). The collection includes skeletal remains from

the Emilia-Romagna region of Italy that were collected mostly from

1908 to 1953 (Belcastro et al., 2017). The largest part of the Emilia-

Romagna cohort was buried in Bologna La Certosa cemetery, the

biggest cemetery in the city. The importance of this collection is

demonstrated by the presence of ante-mortem data, a generally

good state of preservation, and the relatively high number of non-

adult individuals represented. In the collection, a substantial

number of infants who died during the first year of life highlights

the high infant mortality that existed during the mid-19th century

(Belcastro et al., 2017). The number of children represented in the

collection decreases from the age of three onwards.

The rest of the study sample was selected from different

archaeological samples, with a time that spans from the Neolithic

to the 16th century:
Fron
- Seven individuals came from the prehistoric site of Beli

Manastir (Croatia). Most Neolithic burials from this site

can be dated to the Middle Neolithic, i.e., between 4800 and

4500 BCE (Los, 2020);

- Two individuals came from the site of Ilok – Krstbajer

(Croatia). Based on radiocarbon dates, the cemetery was

used between the end of the 12th century and the transition

from the 15th–16th century. These burials most probably

belong to the parish cemetery around the church of St.

Helen the Queen (Krznar and Rimpf, 2018)

- Six individuals came from the Imperial Roman site of Velia.

The site, originally founded by the Greeks in 540 BCE, is

located on the Italian west coast, near Salerno (Campania,

Italy). The necropolis, which dates to the 1st–2nd centuries

CE, has yielded both cremation and inhumations, with

numerous juvenile burials (Morel, 2006).

- Three individuals came from the sites of Paks and six from

Perkáta-Nyúli dűlő, Hungary. The human remains are

stored at the Hungarian National Museum, National

Institute of Archaeology, New Archaeological Collection

in Budapest. Individuals buried in the cemetery of Perkáta-

Nyúli dűlő (Kovács, 2011) date to the 14th–16th centuries

CE, except for one (burial number: 3421), which dates to

the 10th–12th centuries CE. The cemetery of Paks-

Cseresznyés dates to the 14th and 16th centuries

(Mesterházy-Ács, 2015; László, 2018).
The age-at-death of individuals from archaeological contexts

was estimated based on common anthropological methods, by

considering skeletal and dental maturation (Moorrees et al., 1963;
tiers in Ecology and Evolution 05
Stoukal, 1978; Ferembach, 1980; Smith, 1991). The estimates may

not be as accurate as the age-at-death information available from

the Emilia-Romagna cohort; though, age estimation techniques

available for the non-adults are usually more accurate than the

methods applied to adult individuals. Consequently, the use of age

ranges was employed to account for some potential errors that may

exist with the age estimation technique. Specifically, mean age-at-

death estimates were binned into age classes for the archaeological

sample. The three age classes also reflect different status of gait

kinematics (Raichlen et al., 2015) as follows (Swan et al., 2020; Figus

et al., 2022):
- Late infancy (5.1–6 years, 10 individuals). In this stage,

infants engage in an intermediate phase between

immature and mature gait.

- Childhood (6.1–10 years, 12 individuals). This stage reflects

children who have achieved mature locomotion.

- Adolescence (10.1–15 years, 13 individuals). This stage

reflects a late ontogenetic growth phase in the human foot.
2.1 Micro-CT scanning

All specimens were selected for the study based on their good

state of preservation, with minimal or no damage, and no external

signs of pathologies. The left side was chosen a priori; if missing or

damaged, the right talus was used instead and mirrored. All

specimens were scanned by micro-CT at different facilities

(Table 2); scans were reconstructed as 16-bit TIFF stacks, and

quality was assessed with ImageJ. Specimens were excluded from

the analyses when the trabecular bone showed signs of damage

due to pathological or diagenetic causes. Avizo 9.3 (Visualization

Sciences Group, SAS) was used to pre-process reconstructed scan

data (e.g., crop or resample data volumes). Where heavy sediment

or mummified soft tissues were present, they were removed in

Avizo 9.3 using a graphics pen display monitor (Wacom) and the

Avizo paint-brush tool in the labels-field module. A White Hat

filter was applied to the Beli Manastir and Velia samples to

improve material contrast between bone and heavy sediment

that infiltrated internal spaces in the bone (e.g., filled trabecular

spaces). When contrast was insufficient to separate bone from

non-bone materials, the specimen was excluded from analyses.

Segmentation of image data was performed using the MIA

clustering method (Dunmore et al., 2018). The 3D models for

geometric morphometric analysis were obtained through the

isosurface reconstruction in Avizo 9.3.
TABLE 2 Micro-CT information.

Sample Facility Voxel size (µ)

Bologna Center for Quantitative Imaging (CQI), Pennsylvania State University, PA (USA) 20–38

Velia, Paks and Perkata The Abdus Salam International Centre for Theoretical Physics, Trieste, Italy 18–30

Beli Manastir and Ilok University of Zagreb, School of Medicine, Zagreb, Croatia 18–29
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2.2 External morphology

To quantify morphological changes in gross morphology and

the development of the articular facet, a template of 254 (semi)

landmarks (11 anatomical landmarks, 89 curve semilandmarks, and

154 surface semilandmarks) was created in Viewbox 4 (dHAL

Software) on a 5-year-old female specimen (Parma7-F) (Figure 2;

Tables 3, 4). The (semi)landmark configuration was applied to all

targets with well-defined and easily recognizable articular surfaces;

specimens with poorly visible boundaries of articular facets were

excluded from analyses. To be considered geometrically

homologous (Gunz and Mitteroecker, 2013), semilandmarks were

allowed to slide on the curves and the surface, minimizing thin-

plate-spline bending energy (Slice, 2006) between the template and

targets. Semilandmarks were allowed to slide against recursive

updates of the Procrustes consensus (Rohlf and Slice, 1990). After

sliding was completed, coordinates were registered with a

Generalized Procrustes Analysis (GPA) and size was removed

when specimens were scaled and translated. The GPA was

performed in R, using geomorph (Adams et al., 2013).

Shape and form space analyses were carried out using the R

4.2.2 (R Core Team) packages “Morpho” package v2.11 (Schlager,

2017) and “geomorph” package v4.05 (Adams et al., 2018; Baken

et al., 2021). Principal Component Analysis (PCA) was carried out

on the Procrustes coordinates to explore talar shape variation

during growth. Shapiro-Wilk normality test and Levene test were

run to evaluate the distribution of coordinate data and its

homoscedasticity. Based on fulfillment of these assumptions,

parametric or non-parametric tests were run (i.e., Analysis of

Variance (ANOVA), Kruskal-Wallis rank-sum test, Tukey’s post

hoc test, and Dunn’s test) were conducted to determine the

significance of variance between group means along the first three

PCs. Pearson’s product-moment correlation was performed to
Frontiers in Ecology and Evolution 06
assess if shape variations were correlated to size, where size was

represented by the natural logarithm of talar centroid size (CS). A

form-space PCA (i.e., shape + size) was carried out by multiplying

Procrustes shape coordinates by the natural logarithm of CS.

Visualization of shape changes along principal axes was obtained

by Thin Plate Spline (TPS) deformation of the Procrustes grand

mean shape surface in Avizo 9.3 (Bookstein, 1997). These analyses

were performed for both whole talar shape and separately for each

articular facet, except for the lateral malleolar facet. The lateral

malleolar facet was excluded from analyses of individual facets

because it develops after age 6 and it was not possible to include all

specimens in the study sample, to study the development of the

facet from its earliest beginning. Therefore, (semi)landmarks of

each articular facet were used to run separate GPAs for each of the

remaining articular facets. P-values were adjusted with a Bonferroni

correction. Subsequent analyses were performed for these facets to

thoroughly analyze shape changes across the different articular

surfaces. A two-block partial least square (PLS) was run to assess

the presence of any covariation between any of these articular facets.
2.3 Internal morphology

After the above-mentioned segmentation processes, trabecular

and cortical envelopes of tali were separated using Medtool 4.31

following the protocol outlined by Gross et al. (2014). Opening and

closing filters (kernel size varies from 3 to 5) were applied using a

customized python-based script within Medtool. Cortical porosity is

removed, and a uniform shell was created and filled to generate three

different masks, i.e., outer and inner, and a cortical thickness mask
A B

FIGURE 2

(A) (semi)landmark configuration for talus in dorsal view (upper left), plantar view (upper right), medial view (lower left) and lateral view (lower right).
Landmarks are numbered 1–11 (see Table 4) and represented in orange. Curve semilandmarks are represented in green, while surface
semilandmarks are represented in magenta. (B) Configuration of (semi)landmarks. Landmarks are colored in orange, curve semilandmarks are
colored in green, while surface semilandmarks are colored in pink. (Semi)landmarks are listed in Tables 4, 5.
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Gross et al., 2014; Stephens et al., 2016; Stephens et al., 2018). Finally,

a tetrahedral mesh of trabecular bone was generated using the

computational geometry algorithms library CGAL (www.cgal.org),

a mesher that creates a 3D finite element model using Delauney

triangulation (Delaunay, 1934; Gross et al., 2014). Quantifications of

BV/TV and DA were carried out on trabecular mesh by moving a

5 mm sampling sphere along a background grid with 2.5 mm spacing

for each scan (Gross et al., 2014). DA is calculated following theMean
Frontiers in Ecology and Evolution 07
Intercept Length (MIL), to derive the quantity defined as (1-

[eigenvalue3/eigenvalue1]), and is scaled between 1 and 0, i.e.,

highly anisotropic or isotropic, respectively. Colormaps were

visualized in Paraview 3.14.1 (Sandia Corporation, Kitware Inc).

Mean trabecular thickness (Tb.Th, mm), trabecular number

(Tb.N), and mean trabecular spacing (Tb.Sp, mm) were calculated

(Hildebrand and Rüegsegger, 1997) and mapped.

3D statistical comparisons of DA and BV/TV between adjacent

groups were performed following the Phenotypic PointCloud

Analysis protocol (Stephens, 2020; DeMars et al., 2021). To achieve

these comparisons, trabecular meshes were aligned using a modified

version of the MATLAB auto3dgm package (Gao et al., 2020). 1200

pseudolandmarks (i.e., landmark-like points) were automatically

placed on digital models and entered into standard geometric

morphometrics software (Boyer et al., 2015). Subsequently, a GPA

was performed using the “geomorph” package v.4.0.4 (Adams et al.,

2018). Mean GPA coordinates were warped on the closest-to-the-

mean specimen (Stephens et al., 2018) to create an average trabecular

mesh. Subsequently, an average trabecular mesh was tetrahedralized

using evenly spaced (1.75mm) points via TetWild (Hu et al., 2020)

and vertices were converted to a point cloud. Individual point clouds

were then obtained by interpolating BV/TV and DA scalar values to

the vertices of the tetrahedral mesh, which were then aligned by

applying the auto3dgm transformation matrices followed by a rigid,

affine, and deformable alignment using a python implementation of

the Coherent Point Drift algorithm (Myronenko and Song, 2010).

BV/TV and DA scalar values were linearly interpolated from each

individual point cloud to the corresponding points in the canonical

point cloud using SciPy (Virtanen et al., 2020a; Virtanen et al.,

2020b), and the mean, standard deviation, and coefficient of

variation for each group were mapped to the average point cloud

to statistically compare across the sample. Homologous points were

compared using a two-tailed t-test, with P-values corrected (Friston,

1995; Worsley et al., 1996) and interactively visualized in Paraview.

Figures illustrating these analyses were automatically generated using

PyVista (Sullivan and Kaszynski, 2019). Only adjacent age classes

have been tested, to avoid the comparison with different shapes.
3 Results

3.1 External morphology

In shape space, the first three PCs explain 57.8% of total

variance (Figure 3). Shapiro-Wilk normality tests show that only

PC1 was not normally distributed (PC1: W = 0.89, p-value = 0.008;

PC2: W = 0.95, p = 0.3; PC3: W = 0.94, p = 0.1). Levene tests

confirmed equal variance across groups (PC1: p = 0.4; PC2: p= 0.1;

PC3: p= 0.7). More than any other PCs, morphometric variation in

the sample is explained by PC1 (36.5%), which is significantly

related to size (r=0.89, p= 0.001), and thus accounts for ontogenetic

allometry. Correlations between size and PC2 or 3 are not

significant (r= 0.13, p=0.4; r=0.1, p=0.5 respectively).

PC1 negative scores account for a more immature morphology.

The calcaneal facets are still developing, but their morphology is still

immature, with the posterior facet still possessing a triangular-like
TABLE 3 Configuration of Type III landmarks according to Bookstein (1997).

Description

01 Most distal point of contact between the medial malleolar facet and the
superior trochlear surface

02 Most lateral point of the head

03 Most medial point of the head

04 Most medial point of the anterior calcaneal facet

05 Most proximo-medial point of the posterior calcaneal facet

06 Most lateral point of the posterior calcaneal facet

07 Most lateral point of contact between the trochlea and neck

08 Most proximal point of contact between the medial malleolar facet and the
superior trochlear surface

09 Most posterior point on the posterior calcaneal facet

10 Most lateral-posterior point of the superior trochlear surface

11 Most lateral point on the anterior calcaneal facet
TABLE 4 Semilandmarks.

Semilandmarks on curves N

Curve C1-C8: Superior margin of the medial malleolar facet
Curve C2-C3: Head (dorsal)
Curve C3-C4: Medial margin of the anterior calcaneal facet
Curve C4-C11: Posterior margin of the anterior calcaneal facet
Curve C6-C9: Lateral margin of the posterior calcaneal facet
Curve C7-C1: Distal margin of the superior trochlear surface
Curve C7-C2: Lateral ridge of the neck
Curve C8-C10: Posterior margin of the superior trochlear surface
Curve C9-C5: Medial margin of the posterior calcaneal facet
Curve C8-C1: Inferior margin of the medial malleolar facet
Curve C10-C7: Lateral margin of the superior trochlear surface
Curve C11-C2: Most lateral-inferior margin of the head
Curve C11-C3: Most anterior margin of the anterior calcaneal facet

7
9
3
9
6
9
6
4
4
7
8
4
7

Total 83

Semilandmarks on surface N

Neck
Head
Posterior Calcaneal facet
Sulcus Tali
Superior trochlear surface
Medial malleolar facet
Anterior calcaneal facet
Lateral surface
Posterior suface
Medial surface

15
30
10
20
15
12
11
20
11
10

Total 154
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shape. In this phase, i.e., the first two age classes, the sulcus tali is

large and distinctly separates the two facets. Positive PC1 scores

describe adult-like morphology, with well-developed articular

facets. In these tali, the superior superior trochlear surface is well-

defined and more elongated in a medial-distal direction.

Adolescents exhibit a well-defined superior trochlear concavity,

with clearly delineated lateral and medial rims. Lateral and medial

malleolar facets are adult-like in shape, as are the subtalar facets.

The posterior calcaneal facet is medially and plantarly rotated and

exhibits a deep concavity. Space between the sub-talar articular

facets is reduced, and the head is more medially orientated

compared to the younger age classes (Figure 3). Interestingly,

individuals within the adolescent group showed a clear separation

in morphospace between individuals younger than 11 years and

those older than 11 years.

PC1 scores highlight significant differences between each age

group (Kruskal-Wallis c²= 21.8, p = 0.001; Table 5; Figure 3). From

5.1–6 years to 6.1–10 years, the talar head shows a substantial

increase in medial rotation relative to the long axis of the body,

while the superior trochlear surface greatly expands in surface area

and changes in shape, becoming more squared in dorsal view. In

general, articular margins of the talar articular surfaces are more

delineated. The posterior calcaneal facet remains triangular and

without a concavity. Comparatively more striking changes are

visible in the 10.1–15 years age group, which exhibits adult-like

morphology. Morphological changes along PC2 (13.8%; ANOVA:
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df = 2, F-test = 0.1, p = 0.8) show a clear development of the

superior trochlear surface along positive values, i.e., a size increase,

shape change towards a more adult configuration, and more

demarcated facet margins especially of the anterior subtalar

articulation. PC3 scores (7.5%; ANOVA: df = 2, F-test = 0.3, p =

0.7) capture an increased medial orientation of the head.

In form space, the first three PCs explain 85.6% of the total

variance (Figure S1). Most of the morphometric variation in form

space is explained by PC1 (78.4%), which is highly correlated with

CS (r = 0.99, p = 0.001). Neither PC2 (4.5%) nor PC3 (2.7%) are

correlated with CS (r = 0.02; p = 0.9; r = 0.02, p = 0.8 respectively),

and both account for only minor morphological changes. The oldest

age class is clearly separated from the youngest. Shape scores among

the three groups for PC1 are significantly different (ANOVA: df = 2,

F–test = 62.7, p = 0.001), while differences along PC2 (ANOVA: df

= 2, F-test = 0.02, p = 0.9) and PC3 (ANOVA df = 2, F-test = 0.09, p

= 0.9) are not significant. Tukey post-hoc test results for the form

space PCA are reported in Table S2, which reveal significant

differences between each class, due to the size differences.
3.2 Single articular facets

3.2.1 Anterior and middle calcaneal facets
The first three PCs explain 80.5% of the total variance (Figure

S2). In shape space, an ANOVA does not show significant
A

B

C

FIGURE 3

PCA plots. (A) On the upper left, PC1 and PC2, and to its right, PC1 and PC3. There is little overlap between age classes in morphospace. Individuals from
Bologna, for which sex is known, are represented by circles (males) and squared symbols (female). Diamonds represent individuals in archaeological samples.
The ellipse in A highlights a division within the Adolescence group whereby individuals older than 11 years old (inside the ellipse) are separated from
individuals younger than 11. (B) Shape deformations along PC1–3 axes; (C) 3D shape plot, with renderings depicting the mean configuration for each age
class. Pink represents the Late infancy class; green represents Childhood, while blue represents Adolescence. Renderings are shown in, from upper left to
lower right, dorsal, plantar, medial, and lateral views.
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differences along the first three PCs (PC1: df = 2, F = 2.8, p = 0.09;

PC2: df = 2, F-test = 0.3, p = 1; PC3: df = 2, F = 1.5, p = 1). PC1

(42.4%), is highly correlated with size (r = 0.63; p = 0.0002) and

accounts for a more immature shape (i.e., negative values), that is

characterized by a less rhomboidal outlined and a smooth, subtly

defined anterior margin. Positive values on PC1 (i.e., the oldest

individuals) show a more clearly defined facet, with clearly marked

anterior margins and antero-posterior elongation. PC2 (27.9%), on

the other hand, describes an enlargement of the facet along positive

values, while PC3 (10.15%) captures a decreasingly flattened

anterior surface of the facet.

3.2.2 Navicular facet
The first three PCs explain 75.4% of the total variance (Figure S3).

PC1 (57.2%) accounts for a more globular head morphology, which

shows an increase in medial-lateral elongation along positive scores,

with a more prominent superior margin and a flatter profile. PC2

(10%) and PC3 (8.1%) both describe increases in head medial

elongation, with PC3 accounting for ontogenetic allometry (r = 0.5;

p = 0.001). A Kruskal-Wallis test does not show a significant difference

along PC2 (c² = 1.5284, df = 2, p = 1), and an ANOVA resulted in non-

significant differences only for PC3 values (PC1: df = 2, F-test = 0.5, p =

1; PC3: df = 2, F-test = 4.7, p = 0.1).

3.2.3 Medial malleolar facet
The first three PCs describe 78.5% of the total variance (Figure S4).

Along positive values, PC1 (45.8%) shows an increase in heights of the

superior profile while the superior trochlear surface develops,

producing a more arched profile. The facet becomes more concave,

with a more pointed proximal margin. PC2 (18.6%) account for an

increase in size, while PC3 (10%) accounts for slight changes in the

anterior margin, which becomes more defined along positive values. A

Kruskal-Wallis test does not detect any significant difference between

groups along PC1 and PC2 scores (PC1: c² = 0.034218, df = 2, p = 1;

PC2: c² = 2.9541, df = 2, p = 1). An ANOVA highlights significant

differences along PC3 scores (df = 2, F-test = 7.3, p = 0.02). Tukey’s post

hoc results are shown in Table S3. PC3 is highly correlated with size

(Pearson r = 0.67, p = 0.001).

3.2.4 Posterior calcaneal surface
The first three PCs account for 79.5% of the total variance (Figure

S6). Capturing the medial increase of the facet during growth. An

ANOVAhighlights significant differences only among PC1 values (df =

2, F-test = 25, p = 0.01), which is strongly correlated with size (r = 0.89;

p = 0.001). PC1 (39.6%) accounts for a more trapezoidal shape in the

youngest cohort, which increases in size along positive scores,

ultimately changing into a more rectangular shape. Tukey’s post hoc

results are shown in Table S4.
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3.2.5 Superior trochlear surface
The first three PCs account for 69.6% of the total variance (Figure

S7). Significant differences between groups are present along PC1

scores (ANOVA: Df = 2, F = 17, p = 0.01), while PC2 (Kruskal-

Wallis’ c² = 0.2, df = 2, p = 1) and PC3 (ANOVA: df = 2, F-test = 0.2, p

= 1) do not contribute to separating age groups. PC1 (46.9%) accounts

for a small and not elongated trochlea along negative values, with an

almost flat profile, due to subtle medial and lateral rims, and a smooth

posterior margin. Changes along positive values of PC1 capture a great

increase in antero-posterior elongation of the surface, higher lateral and

medial rims, increased concavity of the dorsal surface and a great

increase in superior trochlear curvature. The anterior and posterior

margins are more defined. PC2 (14%) and PC3 (8.5%) both capture

slight changes in superior trochlear curvature. Tukey’s post-hoc test

results are described in Table S5. Pearson correlation test highlights

that PC1 is highly correlated with size, describing ontogenetic allometry

morphological variations (r = 0.89; p = 0.001).

Partially least square results are summarized in Table 6 and

Figure S7. Shape of the navicular facet and its associations with

shape of the anterior calcaneal facet are significant. Superior

trochlear shape is also strictly associated with the shapes of the

posterior calcaneal facet and the medial malleolar facet. Finally,

shape of the posterior calcaneal facet is significantly associated with

shape of the medial malleolar facet.
3.3 Internal morphology

Mean values for age classes are listed in Table 7 (individual

values are listed in Tables S6, S7) and represented in Figure 4. In the

5.1–6-year class, trabecular architecture shows lower BV/TV values

and thinner trabeculae that are more densely packed than in the

oldest age class. The highest average BV/TV values are observed in

the 6.1–10-year age class. The number of trabeculae decreases in the

6.1–10-year group and is accompanied by an increase in spacing

and strut thickness. After 10.1 years, tali show fewer and thicker

trabeculae, while spacing decreases again. BV/TV values increase

with age in different areas of the talus, at different rates. Between 5.1

and 6 years, BV/TV values are initially quite low. In this age class,

higher values are observed at the superior trochlear surface,

superior and most distal part of the head, the posterior calcaneal

facet, and the lateral malleolar process (Figure 4). Between 6.1 and

10 years, the relative pattern is similar between locations, but there

are overall higher magnitudes across all locations. After 10 years,

patterns in BV/TV values between locations shift to being the

highest in almost all the talar body, except for the medial and

inferior part of the head, in the most distal part of the anterior

calcaneal facet, and in the postero-lateral part of the superior

trochlear surface.

DA is more stable across age classes by comparison with similar

values in all three classes. There is a slight increase in the 10.1–15

group (Figure 5), suggesting that a plateau is reached early

during ontogeny.

In the youngest class (5.1–6) the lower values are displayed

mostly on the inferior surface, namely on the anterior calcaneal
TABLE 5 Results of Dunn’s-test post-hoc for PC1 scores (p-values).

5–6 years 6.1–10 years

6.1–10 years 0.25 –

10.1–15 years 0.001 0.02
Significant results are in bold.
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facet and in the medial region of the sulcus tali. Similarly, in the

middle group (6.1–10) the lower values are displayed on the sulcus

tali, while in the oldest class (10.1–15) the lower values are visible

also in the posterior calcaneal facet.

The T-test for homologous points in the point clouds in

adjacent classes indicates significant differences between mean age

classes. Results showed that BV/TV differs significantly between the

youngest and middle age classes (5.1–6 vs 6.1–10 years, Figure 6).

Significant differences between these classes are particularly visible

in the lateral side and part of the lateral portion of the head, the

lateral portion of the superior trochlear surface, and the lateral

malleolar region, with higher values occurring in the middle age

class in almost all the significantly different regions (i.e., yellow-

marked areas in Figure 6). No significant differences are observed

between the middle and oldest age classes.

For DA, T-test scores also showed significant differences among

age classes. The youngest age class significantly differs from the 6.1–

10 age class, specifically in the lateral side of the superior trochlear

surface (Figure 7) and most of the lateral process. Significant

differences are also visible when comparing 6.1–10 vs 10.1–15-

year age classes (Figure 8), specifically in the lateral and anterior

parts of the superior trochlear surface.
4 Discussion and conclusions

This work investigates the morphology of the human talus from

5 years of age to the end of foot growth (approximated at 15 years of

age), focusing on internal and external structural changes during

this period. Both internal structure and external morphology
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exhibit adjustments during growth, potentially reflecting

ontogenetic changes in joint positions and load distribution.

Globally, results are in line with previous ontogenetic studies of

other skeletal elements, e.g., the tibia (Raichlen et al., 2015),

calcaneus (Saers et al., 2020), radius (Colombo et al., 2019), and

talus (Hellier and Jeffery, 2006). We hypothesized a slight increase

in talar facet size during late childhood followed by a more

pronounced rotation of articular facets in response to increased

locomotor loading. We also assumed that the superior trochlear

surface and posterior calcaneal facets would covary, as would the

navicular and anterior/middle calcaneal facets. We further

hypothesized that BV/TV would increase during growth, reaching

maximum values around adolescence, accompanied by an increase

in trabecular thickness, while DA would stabilize, as gait attains

more consistent and predictable kinematics, with the highest DA

values located beneath articular surfaces of the talar head and

posterior calcaneal facet and lower values located beneath

articular surfaces of the superior trochlear surface and anterior

calcaneal facets. We hypothesized that the highest BV/TV values

would be expected in the lateral side of the superior trochlear

surface and head. All hypotheses were supported, except for one.

Specifically, we hypothesized that DA would increase slightly in the

middle age class, around age 7–8 years old. Indeed, DA was

observed to stabilize early during ontogeny, as the mean values

are similar in all the age classes. However, the highest values were

attained in the talar head, as predicted, but also in the posterior part

of the talar body rather than the predicted posterior calcaneal facet.

This study shows that, as the overall size of the talus increases,

shape and orientation of talar facets also change. The youngest age

class, i.e., 5.1–6, exhibits an already functional talus but one that is
TABLE 6 PLS results for the association between articular facets.

r-PLS P-value Effect size

Navicular facet vs superior trochlear surface 0.53 0.13 1.1

Navicular facet vs anterior calcaneal facet 0.92 0.001 4.44

Navicular facet vs posterior calcaneal facet 0.47 0.36 0.34

Navicular facet vs medial malleolar facet 0.51 0.17 0. 69

Superior trochlear surface vs anterior calcaneal facet 0.52 0.25 0.66

Superior trochlear surface vs posterior calcaneal facet 0.87 0.001 3.97

Superior trochlear surface vs medial malleolar facet 0.81 0.001 3.29

Anterior calcaneal facet vs posterior calcaneal facet 0.57 0.168 0.99

Anterior calcaneal facet vs medial calcaneal facet 0.44 0.63 −0.36

Posterior calcaneal facet vs medial malleolar facet 0.85 0.001 3.59
Significant p-values are in bold.
TABLE 7 Mean age-groups values.

Age Class BV/TV DA Tb.N Tb.Sp Tb.Th

5.1–6 years 17.79 0.229 1.20 0.65 0.20

6.1–10 years 22.84 0.226 1.15 1.15 0.23

10.1–15 years 21.29 0.23 1.05 0.71 0.25
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still characterized by a relatively immature shape (e.g., has subtly

expressed margins of articular surfaces) with articular facets only

minimally rotated towards an adult configuration. In adolescents,

talar shape has achieved adult form after the age of 11, with all the

articular facets and posterior processes well-developed. This

probably reflects a body mass increase and a more balanced

distribution of the forces over broader articular surfaces.

Additionally, the head, the superior trochlear surface, and

posterior calcaneal facets are adjusting to becoming more

medially oriented, as previously assessed by Hellier and Jeffery

(2006). This presumably enables increased functional weight

transfer through the medial column of the foot during push-off,

i.e., forces passing through the navicular and towards the hallux.

Significant changes in talar shape among age classes are also driven

by ontogenetic allometry. The greatest differences are found

between the oldest and middle (i.e., 6.1–10 years) age classes,

coinciding with a pubertal growth spurt. This contrasts with the

pattern of change exhibited between the youngest and middle age

classes, which shows continuous and progressive growth along with

only gradual subtle changes in shape. After age 10–11, the growth

rate increases and morphological changes become more evident,
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with an increase not only in overall size but also in the shape and

orientation of talar facets. Within the oldest age class, the 10–11-

year individuals still overlap in morphospace with the 6.1–10-year

age class (Figure 2), while older individuals (e.g., age 11 and older)

exhibit greater increases in size and adult-like morphological

development. This suggests that talar shape reaches an adult-like

morphology at around 12 years, with the development of the

posterior processes and the groove of the flexor hallucis longus

tendon emerging as adult-like in forms (Cunningham et al., 2016).

In form space, all differences appear to be attributable to the great

increase in talar size, which also is linked to the pubertal growth

spurt (Ubelaker, 2007).

Even though substantial changes in foot shape, observed in

living individuals, occur during early childhood, considerable

changes continue to take place into late adolescence, such as an

increase in height of the medial longitudinal arch (Stavlas et al.,

2005). The medial longitudinal arch normally develops relatively

early during childhood; however, in some individuals, the foot may

appear flat until puberty, with the attainment of normal arch height,

delayed until adolescence (Waseda et al., 2014). In their study of

foot structure in 10,155 children, they observed that arch height
FIGURE 4

BV/TV average. Warm colors represent high values. The individuals represented in the pictures are representative of the closest-to-the-mean individuals
of each age group. (A) In the 5.1–6-year class BV/TV values are initially quite low. The highest values are observed in the superior trochlear surface,
medial-superior and most distal part of the head, the posterior calcaneal facet, and the lateral malleolar process. (B) The highest average BV/TV values
are observed in the 6.1–10-year age class, especially in the superior trochlear surface and lateral malleolar facet. In general, the relative spatial
distribution of BV/TV is like the younger age group. (C) In the oldest class, the spatial arrangement of high BV/TV values shifts to including almost all the
talar body, except for the medial and inferior part of the head, in the most distal part of the anterior calcaneal facet, and in the postero-lateral part of the
superior trochlear surface. Renderings in each age group are displayed in dorsal, plantar, lateral, and medial views, from upper-left, clockwise.
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ratio is almost flat, in both males and females, until age 10, and then

significantly increases between ages 11 and 13. A low-arched foot

may be related to greater ligament laxity during childhood, which

disappears during the late phases of growth as arch height increases

(Staheli et al., 1987).

In the analyses of singular talar facets, noteworthy outcomes are

observed. Facets are mostly discernable from 5 years of age

onwards, although margins become more defined at different

developmental times and rates. Subtalar joints, i.e., anterior,

middle, and posterior calcaneal facets, start increasing in surface

area and show more defined margins earlier than other facets,

already being identifiable in the youngest age class of the study, i.e.,

5.1–6 years. By comparison, the posterior margins of the superior

trochlear surface and the medial malleolar facet develop later in the

ontogenetic sample.

The present study confirmed that the margins of the lateral

malleolar facet are the last to become well-defined (Scheuer and

Black, 2004). Moreover, this facet could not be reliably included in

the single facet analysis for the developmental period because of its

poorly demarcated margins, or absence, in the youngest age class.

The shape analyses of singular facets show that, in general,

shape does not separate the age groups, confirming a more

constrained shape of the articular facets, as proposed by previous

studies (Hellier and Jeffery, 2006). The anterior calcaneal facet has a
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smooth anterior margin in the youngest age class, and its

morphological changes are predominantly focused on its anterior-

posterior elongation. The medial malleolar facet is visible in 5-year-

olds, and after age 10 it exhibits the greatest increase in size and

change in morphology. The posterior calcaneal facet becomes more

rectangular after age 10 and shifts from a flattened to a relatively

concave surface. The significant results in the singular facet analyses

were guided mainly by the allometric differences due to growth in

surface area and size, as expected. In form space, all differences

appear to be attributable to the substantial increase in talar size over

the three age classes, which also are linked to the pubertal growth

spurt (Ubelaker, 2007).

The change in trochlear shape observed in the present study,

with an enlarged, more convex surface, may facilitate the absorption

and distribution of peak forces throughout the superior trochlear

surface. These joint loads then pass through trabecular bone

beneath the trochlear surface to the posterior calcaneal facet of

the calcaneus, and also forward through the talar neck, ultimately

passing through the talonavicular and anterior subtalar joints (Pal

and Routal, 1998; Hellier and Jeffery, 2006). Subsequently, these

forces pass through the medial column of the foot, during the mid-

stance and push-off.

Interestingly, when covariation between facets was tested,

trochlear shape changes were significantly linked to shape
A B

C

FIGURE 5

DA average. Darker colors represent higher (more anisotropic) values. DA is more stable across age classes by comparison. (A) In the youngest class
(5.1–6.1) the lower values are displayed mostly in the inferior surface, namely on the anterior calcaneal facet and in the medial region of the sulcus
tali. (B) Similarly, in the middle group (6.1–10) the lower values are displayed on the sulcus tali, (C) while in the oldest class (10.1–15) the lower values
are visible also in the posterior calcaneal facet. The arrows indicate the regions with the lower DA values for each age class.
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changes of the medial malleolar and posterior calcaneal facets, while

the navicular facet exhibited strong covariation with the anterior

calcaneal facet. Changes in posterior calcaneal facet changes in

shape were significantly linked to changes in the medial malleolar

facet. This highlights the correlation in orientation of some of talar

articular facets during growth, consistent with those observed in

previous studies (Hellier and Jeffery, 2006). Specifically, covariation

in shape changes and orientation in 1) the superior trochlear surface

and posterior calcaneal facets and 2) the navicular and anterior

calcaneal facets may be linked as biomechanical adaptations for

effective transmission of forces through the talus (Hellier and

Jeffery, 2006), as changing their orientations conjointly may

reduce mechanical loading. For example, as a response to

increased loads during growth associated with increases in body

weight, and to ameliorate the transmission of forces to other tarsals,

the talar head rotates medially and plantarly, the posterior calcaneal

facet rotates medially to facilitate the transmission of forces to the

calcaneus, i.e., heel.

Considering internal morphology, trabecular bone varies

between age classes. While BV/TV shifts during the age 5–15

range, DA is relatively more stable over the developmental period

examined in the study since it exhibits smaller variations between

age classes. It is possible to highlight that significantly higher

values in the anteromedial region of the trochlea are recorded in

the 6.1–10-year age group, possibly reflecting an increase in

medial weight shift typical of the adult-like locomotor patterns.

At heel strike, load is initially transmitted from the posterior part
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of the superior trochlear surface to the posterior subtalar joint (Pal

and Routal, 1998). During midstance, load is transmitted to the

heel through the posterior and anterior calcaneal facets, and

distally towards the navicular through the talar head. From heel

rise to toe-off, body weight is transmitted to the forefoot, while the

inferior portions of the talar neck and head are subjected to tensile

forces. Changes captured in trabecular structure after age 6 are

supposedly linked to changes in body size and proportions, i.e.,

increase in BV/TV values. The lowest BV/TV values were

observed on the medial side of the talus and anterior calcaneal

facet. At around 10–12 years, body mass increases at faster rates

due to the pubertal growth spurt, and socially, adolescents are

supposed to participate in adult activities i.e., probably more

intense activities (Lewis, 2007). Trabecular structure in the talus

was expected to increase with age, following allometric scaling

patterns (Shaw and Ryan, 2012; Saers et al., 2019). Growth spurt

onset changes depend on sex: females are supposed to increase

growth rates by age 10, which is earlier than boys where increased

growth rates occur by about age 12 (Ubelaker, 2007).

Unfortunately, we could not explore the potential effect of

sexual dimorphism on creating differences in growth patterns

across the groups in our sample. Our sample from Bologna, the

only one for which the sex of the individuals was known, was not

homogenous i.e., female individuals were mostly in the 5–6.1

group, while male individuals were older. This limits our analysis

of the role played by sexual dimorphism during growth in the talar

external and internal morphology.
FIGURE 6

Significant BV/TV T-Scores. Yellow indicates higher BV/TV in the 5–6.1 year, while blue represents higher BV/TV in the 6.1–10-year group. The
youngest individuals exhibit higher BV/TV in the lateral side of the talus, including the lateral region of the head, in the superior trochlear surface,
and in the neck region (in medial and plantar views, due to the transparency of the model, the inner part of the colored regions is displayed).
Increased BV/TV in the 6.1–10-year age class is particularly clear in the lateral malleolar process and lateral and superior part of the head.
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FIGURE 8

DA T-Score. Scores are represented into a transparent talus to facilitate the visualization of the internal area. Warm colours represent values that are
higher in the 5.1–6-year group in the pairwise class comparison than those in the 6.1–10 year. T-test results for DA show that DA is significantly
higher in the anterior-lateral region of the superior trochlear surface and on the lateral process in the 5.1–6-year group (in medial view, due to the
transparency of the model, the inner part of the colored regions is displayed). The arrows indicate the lateral side.
FIGURE 7

DA T-Score. Scores are represented into a transparent talus to facilitate the visualization of the internal area. Warm colours represent where values
are higher in the 6.1–10 age group than in the 10.1–15-year group in the pairwise class comparison. T-test results for DA show that DA is
significantly higher in a small lateral portion of the posterior calcaneal facet, and on the anterior-medial region of the superior trochlear surface (in
lateral view, due to the transparency of the model, the inner part of the colored regions is displayed). The arrows indicate the medal side.
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There were a few limitations in this study. The sample was not

homogeneous since it was composed of different populations rather

than a single group, and for most of the individuals we only had age

estimations. We recognize this is an intrinsic limit of anthropological

studies, when archaeological samples are concerned. Future studies

need to increase the number of individuals for whom the age-at-death

is known. Also, we do not have any kind of information about the

walking habit of the individuals under study, which likely differed

between rural and urban environments, as well as modification

through time. We do not have information about the habitual

footwear of the different groups in the sample nor about their body

mass. These limitations would likely guide our future research

questions, which will be aimed to increase the number of individuals

for which this information is available. This would greatly increase our

knowledge about the late ontogeny of the human talus.

This is the first study to explore late talar growth by examining

both internal and external morphologies. Taken together, these

results may help understand how the talus adapts to changes in

locomotor activity and how it responds to the increase in body mass

during the late phases of growth. Results contribute to a better

understanding of talar plasticity, improving interpretations of adult

human talar form. Future studies should consider building on this

investigation by adding new populations, i.e., those with known sex,

age, and weight, to explore whether dimorphism in talar form could

be linked to the puberty growth spurt.
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