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1  |  INTRODUC TION

The influence of biomechanical factors upon the adult skeleton, in 
particular the trabecular bone, is well documented (Barak et al., 2011; 
Currey, 1984; Frost, 2003; Ruff et al., 2006; Ruimerman et al., 2005). 
However, the influence of changing biomechanical forces asso-
ciated with the attainment of motor milestones and bipedal gait 
during juvenile development is not completely understood (Ryan 
et al., 2017; Saers et al., 2022). Trabecular development of the juve-
nile skeleton has been predominately studied within the long bones, 
including the femur (Djuric et al., 2012; Milovanovic et al., 2017; 
Modlesky et al., 2014; Osborne et al., 1980; Reissis & Abel, 2012; 
Ryan et al., 2017; Ryan & Krovitz, 2006; Salle et al., 2002), tibia 

(Burrows et al., 2010; Ding et al., 2012; Goliath et al., 2022; Gosman 
& Ketcham, 2009; Raichlen et al., 2015; Reid et al., 2023), humerus 
(Perchalski et al., 2018; Reissis & Abel, 2012; Ryan et al., 2017), and ra-
dius (Colombo et al., 2019). There are also a growing number of studies 
investigating irregular bones such as the ribs (Beresheim et al., 2020), 
vertebral column (Acquaah et al., 2015; Goodchild, 2019; Kneissel 
et al., 1997; Nuzzo et al., 2003; Roschger et al., 2001; Yusof, 2013), in-
nominate (Abel & Macho, 2011; Cunningham & Black, 2009a, 2009b; 
Glorieux et al., 2000; Maclean, 2017; Maclean et al., 2014), scapula 
(O'Malley, 2013), and calcaneus (Saers et al., 2019).

The trabecular development of the juvenile human talus, how-
ever, has received limited investigation except for Figus, Stephens, 
Sorrentino, Bortolini, Arrighi, Higgins, et al. (2022) and Figus, 
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Abstract
Trabecular bone architecture in the developing skeleton is a widely researched area 
of bone biomechanics; however, despite its significance in weight- bearing locomo-
tion, the developing talus has received limited examination. This study investigates 
the talus with the purpose of identifying ontogenetic phases and developmental 
patterns that contribute to the growing understanding of the developing juvenile 
skeleton. Colour gradient mapping and radiographic absorptiometry were utilised to 
investigate 62 human tali from 38 individuals, ranging in age- at- death from 28 weeks 
intrauterine to 20 years of age. The perinatal talus exhibited a rudimentary pattern 
comparable to the structural organisation observed within the late adolescent talus. 
This early internal organisation is hypothesised to be related to the vascular pattern of 
the talus. After 2 years of age, the talus demonstrated refinement, where radiographic 
trajectories progressively developed into patterns consistent with adult trabecular or-
ganisation, which are linked to the forces associated with the bipedal gait, suggesting 
a strong influence of biomechanical forces on the development of the talus.

K E Y W O R D S
biomechanics, bone, development, juvenile, radiography, talus, trabeculae

www.wileyonlinelibrary.com/journal/joa
mailto:
https://orcid.org/0000-0002-1325-1963
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:110006554@dundee.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjoa.13940&domain=pdf&date_stamp=2023-08-09


2  |    REID et al.

Stephens, Sorrentino, Bortolini, Arrighi, Lugli, et al. (2022). Figus, 
Stephens, Sorrentino, Bortolini, Arrighi, Higgins, et al. (2022) exam-
ined the talus from 36 weeks intrauterine to 2 postnatal years, while 
Figus, Stephens, Sorrentino, Bortolini, Arrighi, Lugli, et al. (2022) in-
vestigated the talus from 8 postnatal weeks to 10 years of age through 
geometric morphometric and whole- bone trabecular analysis. In a 
Late Roman to 20th century sample, Figus, Stephens, Sorrentino, 
Bortolini, Arrighi, Higgins, et al. (2022) compared pre- loading spec-
imens (n = 11, <6 postnatal months) with post- loading specimens 
(n = 17, 6– 24 postnatal months). The pre- loading talus had an isotro-
pic structure with densely packed trabeculae and a high bone vol-
ume fraction on the medial side of the talus and head. After loading, 
bone volume fraction and trabecular number decreased while tra-
becular thickness, separation, and anisotropy increased, suggesting 
the acquisition of the bipedal gait influences the internal structure 
of the talus. Figus, Stephens, Sorrentino, Bortolini, Arrighi, Lugli, 
et al. (2022) continued this work and demonstrated that anisotropy 
and bone volume fraction become more heterogeneous after loading. 
This current work aims to add to the growing understanding of the 
developing juvenile talus by radiographically identifying ontogenetic 
phases and developmental patterns in the talus from 28 weeks intra-
uterine to 20 years of age. This will provide a general overview of the 
internal changes and a detailed descriptive synopsis of the internal 
arrangement of the talus during each ontogenetic phase. The impact 
of different factors, such as changing biomechanical loads and vas-
cularisation, upon these internal changes will be considered to better 
understand the development of the talus over a wide age range.

Analysis of the developing talus may have important clinical ap-
plications in the treatment of paediatric trauma and the therapeutic 
intervention of some pathological conditions, such as juvenile idio-
pathic arthritis and talipes equinovarus. The talus has an important 
role in locomotion and weight- bearing within the talocrural joint 
(Soames & Palastanga, 2019). Bodyweight is transmitted down 
through the vertebral column and pelvis, through the lower limbs, 
and into the foot via the ankle joint during the bipedal gait and pas-
sive standing (Soames & Palastanga, 2019). The trabecular architec-
ture of the adult talus facilitates the dispersion of these stresses, in 
addition to ground reaction forces (Pal & Routal, 1998).

The trabecular architecture of the adult talus has been exten-
sively examined, with several studies subdividing their analyses 
into the talar head, neck, and body (Athavale et al., 2008; Ebraheim 
et al., 1999; Pal & Routal, 1998; Takechi et al., 1982). While some dis-
agreements exist regarding the exact internal structure of the talar 
body, there is a consensus that the trabeculae within the body trans-
mit forces both anteriorly through the navicular, towards the meta-
tarsals, and inferiorly towards the calcaneus (Athavale et al., 2008; 
Ebraheim et al., 1999; Pal & Routal, 1998; Takechi et al., 1982). The 
conflict within the literature regarding the organisation of the adult 
body of the talus pertains to the organisation of the trabeculae. 
Ebraheim et al. (1999) and Pal and Routal (1998) both identified 
parallel trabecular plates running in the sagittal plane within the 
body, while Athavale et al. (2008) and Takechi et al. (1982) describe 
that the talar body trabeculae are orientated in two directions. 

Su et al. (2013) identified trabeculae within the anteromedial and 
anterocentral portions of the body, extending in an anteroinferior 
direction parallel with the talar neck. Additionally, Su et al. (2013) 
described the trabeculae in the posterolateral trochlea as orien-
tated slightly posteriorly towards the calcaneus, which agrees 
with the structure described by Athavale et al. (2008) and Takechi 
et al. (1982). Furthermore, the lateral portion of the trochlea appears 
to be an area of high trabecular bone volume fraction (BV/TV), the 
ratio of trabecular bone to total volume within a volume of interest 
(Saers et al., 2018; Tsegai et al., 2017). This appears similar to the 
distribution of contact pressure modelled by Bae et al. (2015) on  
the trochlear surface, with areas of high pressure occurring during 
the midstance and push- off phases of the gait cycle appearing  
on the antero- lateral quadrant of the talar surface, suggesting this 
area is adapted to facilitate high pressures (Bae et al., 2015).

Meanwhile, the neck of the adult talus is described as a dense, irreg-
ular network of trabeculae (Ebraheim et al., 1999; Pal & Routal, 1998; 
Sinha, 1985; Takechi et al., 1982). However, Athavale et al. (2008) and 
Su et al. (2013) disagree with this and describe the talar neck as organ-
ised and a continuation of the plates observed within the talar body. 
The trabecular architecture of the neck of the talus appears to facil-
itate the transmission of forces both anteriorly towards the forefoot 
and inferiorly towards the calcaneus (Pal & Routal, 1998). The talar 
head exhibits curved plates of trabeculae along the sagittal plane with 
high BV/TV at the articular surface for the navicular (Athavale et al., 
2008; Ebraheim et al., 1999; Krause et al., 2013; Pal & Routal, 1998; 
Saers et al., 2018; Sinha, 1985; Takechi et al., 1982; Tsegai et al., 2017). 
This trabecular arrangement is likely to facilitate the transmission of 
compressive forces to the metatarsals, as demonstrated via finite ele-
ment analysis (Gefen et al., 2000).

The adult body of the talus appears to be highly variable be-
tween individuals (Tsegai et al., 2017). Loading patterns are reflected 
in the trabecular architecture of the talus (Hébert et al., 2012; Saers 
et al., 2018; Su et al., 2013; Tsegai et al., 2017). This has been demon-
strated in comparative studies between humans and primates with 
different locomotive strategies (Hébert et al., 2012; Su et al., 2013; 
Tsegai et al., 2017) and in humans with varying mobility levels (Saers 
et al., 2018). Therefore, the body of the talus presents an area of the 
developing skeleton that may be sensitive to biomechanical changes 
occurring during ontogeny when an infant learns to sit upright, 
crawl, and walk. The results of Figus, Stephens, Sorrentino, Bortolini, 
Arrighi, Higgins, et al. (2022) and Figus, Stephens, Sorrentino, 
Bortolini, Arrighi, Lugli, et al., 2022) indicate that the talus is influ-
enced by these biomechanical changes. This work seeks to confirm 
this radiographically over a wider age range.

There are several motor milestones to be achieved during the devel-
opment of locomotion that result in changing biomechanical loads on 
the talus (Keen, 1993). Biomechanical influences are present intrauter-
ine. Muscle development occurs at approximately 7 weeks of gestation, 
with spontaneous muscle contractions appearing at 9 weeks (Rose & 
Gamble, 1994). Typically, intrauterine movements arise at 15 weeks, 
with the level of activity increasing significantly in the latter half of 
the gestational period (de Vries et al., 1982; Verbruggen et al., 2018).  
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This intrauterine loading includes movement of the foetus against the 
uterus wall, resistance of movement by the amniotic fluid, and loading 
specific to muscle movements of the foetus (Rose & Gamble, 1994). 
Early new- born stepping can occur from 32 weeks of gestation and 
persist until 2 months postnatal, which consists of alternating flexion 
and extension of the legs while held in an upright position (Okamoto 
et al., 2003; Rose & Gamble, 1994).

The ability to sit upright is achieved at 6– 7 months (Keen, 1993). 
The onset of crawling occurs at approximately 4– 9 months (Adolph 
et al., 1998). In a longitudinal study of 28 infants, the majority of 
infants displayed typical postural changes expected during crawl-
ing; however, some omitted specific crawling stages or had a blend 
of stages rather than distinct crawling stages, demonstrating the 
variability of crawling between individuals (Adolph et al., 1998). 
Typically, the onset of walking occurs at approximately 12– 
14.5 months of age (Keen, 1993; Størvold et al., 2013). Rose and 
Gamble (1994) noted that individuals have their own idiosyncratic 
method of walking, as the attainment of the bipedal gait is a learned 
ability that often demonstrates variability between individuals.

Early walking is typically described as having a wide stance 
(Cowgill et al., 2010; Hallemans et al., 2005; Johnston et al., 2014; 
Sutherland, 1997; Sutherland et al., 1988), simultaneous flexion of 
the knee and hip (Cowgill et al., 2010; Hallemans et al., 2005), and 
an initial ground contact of the foot that varies from either heel– 
toe, whole foot, or toe– heel (Johnston et al., 2014). However, sev-
eral studies state that there is an absence of heel strike during early 
walking (Hallemans et al., 2005; Sutherland et al., 1988), with the 
ankle in neutral dorsiflexion (Rose & Gamble, 1994). During this 
stage, gait has a low average speed, a high cadence, short step 
length, and prolonged double limb support (Hallemans et al., 2005). 
Several studies examining the development of unassisted walking 
note that the initial gait pattern is extremely irregular and associated 
with variable walking strategies, stride lengths and widths, and foot 
rotation (Adolph et al., 2003; Bisi & Stagni, 2015). Muscle activity of 
the lower limbs is also highly variable during early walking (Chang 
et al., 2006), with gross activation of muscles and a lack of a standard 
pattern of muscle activity (Okamoto et al., 2003).

The development of the longitudinal arch of the foot is linked to 
the maturation of the bipedal gait. During early walking, the plantar fat 
pad defends the foot against overloading, dispersing the plantar pres-
sure throughout the foot (Bosch et al., 2007). As a result, peak plantar 
pressures within the midfoot are greater in infants in comparison to 
adults (Hallemans et al., 2003). After 18 months of age, there is a shift 
in load from the midfoot to the heel and forefoot as the longitudinal 
arch of the foot develops (Bertsch et al., 2004; Bosch et al., 2007). 
At this stage, heel strike evolves, with ankle plantarflexion during gait 
developing (Bertsch et al., 2004; Sutherland et al., 1988).

With experience, the bipedal gait becomes more standardised, 
which has been observed beginning 2 months after the onset of 
unassisted walking (Bisi & Stagni, 2015). With age, step length and 
width increase (Bisi & Stagni, 2015; Cowgill et al., 2010), walking 
speed increases, a normal arm swing appears (Cowgill et al., 2010), 
and foot rotation decreases (Bisi & Stagni, 2015). There is debate 

within the literature regarding the timing of maturation of the bi-
pedal gait; however, it appears to occur between 4 and 8 years of age 
(Saers et al., 2019; Sutherland, 1997).

Evidence for the relationship between locomotive develop-
ment and trabecular change is demonstrated by the substantial 
shift in trabecular development associated with a decrease in BV/
TV between 6 and 12 months, coinciding with the onset of walk-
ing (Acquaah et al., 2015; Figus, Stephens, Sorrentino, Bortolini, 
Arrighi, Higgins, et al., 2022; Figus, Stephens, Sorrentino, 
Bortolini, Arrighi, Lugli, et al., 2022; Gosman & Ketcham, 2009; 
Milovanovic et al., 2017; Ryan et al., 2017; Ryan & Krovitz, 2006; 
Saers et al., 2019), and this phenomenon occurring earlier within 
the distal radius, indicating the influence of crawling (Colombo 
et al., 2019). The biomechanical influence upon the skeleton is 
also demonstrated by the structural heterogeneity within bones 
designed to withstand specific locomotive forces (Acquaah 
et al., 2015; Figus, Stephens, Sorrentino, Bortolini, Arrighi, Lugli, 
et al., 2022; Gosman & Ketcham, 2009; Milovanovic et al., 2017; 
Ryan & Krovitz, 2006; Saers et al., 2019). Additionally, differen-
tial developmental rates exist within the skeleton, which appear 
to be increased in bones required to accommodate bipedal forces 
(Ryan et al., 2017). Finally, the achievement of adult- like organisa-
tion around 8 years of age, coinciding with the maturation of the 
bipedal gait (Ding et al., 2012; Gosman & Ketcham, 2009; Saers 
et al., 2019), is also indicative of a strong biomechanical influence 
upon skeletal development. Reid et al. (2023) discuss these adap-
tions in further detail.

Patterns of adult trabecular organisation have been observed 
in the prenatal scapula, ilium, and sacrum (Abel & Macho, 2011; 
Cunningham & Black, 2009a, 2009b; O'Malley, 2013; Yusof, 2013). 
For example, in both a radiographic and computed tomography 
study, Cunningham and Black (2009a, 2009b) observed a dis-
tinctive pattern in the foetal and neonatal ilium, with dense bone 
corresponding to the acetabulum, trabecular chiasma, and sciatic 
notch. This pattern was also observed within the adult ilium and 
has been attributed to the dispersion of loads for bipedal locomo-
tion (Cunningham & Black, 2009a, 2009b). Abel and Macho (2011) 
also observed the sacro- pubic bundle and ischio- iliac strut in young 
individuals, thereby agreeing with Cunningham and Black (2009a, 
2009b) that the ilium has an early internal organisation similar to the 
adult form. However, this has not been witnessed within long bones 
(Gosman & Ketcham, 2009; Raichlen et al., 2015; Reid et al., 2023; 
Ryan & Krovitz, 2006). The reason why adult trabecular organisation 
exists in some areas of the juvenile skeleton is unknown; however, 
intrauterine movements, vascularisation, and/or a pre- determined 
genetic template of trabecular structure have been suggested 
(Cunningham & Black, 2009a, 2009b, 2013).

The ossification pattern also appears to have an influence on 
trabecular development. Saers et al. (2019) proposed that the os-
sification pattern in the calcaneus results in differences in its tra-
becular development in comparison to long bones. In particular, this 
involved the increase in degree of anisotropy (DA), the extent to 
which trabeculae are similarly aligned, during the first year of life in 
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contrast to the decrease in DA observed within long bones (Saers 
et al., 2019). Saers et al. (2019) observed that the trabeculae within 
the developing calcaneus were dense and anisotropic, radiating from 
its ossification centre. In comparison, long bones ossify in one direc-
tion rather than radiating in several directions; therefore, this is sug-
gested to influence the trabecular organisation (Saers et al., 2019). 
This appears to also impact the development of the talus, with DA 
increasing after 6 post- natal months (Figus, Stephens, Sorrentino, 
Bortolini, Arrighi, Higgins, et al., 2022).

Ossification of the talus occurs typically around 6 months 
of gestation (Agrawal et al., 1984; Baker et al., 2005; Cheng 
et al., 1995, 1997; Cunningham et al., 2016; Czerwiński et al., 2001; 
Gardner et al., 1959; Hubbard et al., 1993). The ossification centre 
may originate from more than one nucleus but will rapidly form a 
single ossification centre (Cunningham et al., 2016). The primary 
ossification centre of the talus is initially located in the neck re-
gion of the bone, being described as either within the central neck 
(Fritsch et al., 1996; Hubbard et al., 1993), the inferior neck (Cheng 
et al., 1997), or in the neck anterior to the trochlear articular fac-
ets (Agrawal et al., 1984). Ossification continues from the primary 
ossification centre, expanding distally, proximally, and medially 
(Hubbard et al., 1993). At 3 months postnatal, 55% of the talus is 
reported to be ossified (Hubbard et al., 1993). As a result, during 
the perinatal period, the talus appears small and ovoid in shape, 
compressed superior- inferiorly (Baker et al., 2005; Cunningham 
et al., 2016). The talus gradually becomes more recognisable as 
development proceeds, with the lateral process and tarsal sinus 
ossifying postnatally at approximately 5 months, and by 7 months, 
the neck of the talus becomes defined (Cunningham et al., 2016). 
By 2 years of age, the talus has a recognisable adult morphology 
(Baker et al., 2005). The articular facets of the talus develop clear 
boundaries by 6 years of age (Cunningham et al., 2016). The pos-
terior tubercle of the talus ossifies later in childhood in females 
between 7 and 8 years and between 9 and 10 years in males 
(Cunningham et al., 2016).

Vascularisation of bone also appears to impact the organisation 
of trabeculae (Cunningham & Black, 2010, 2013). In an investigation 
of the neonatal ilium, a vascular collar of cortical bone extending into 
the trabecular space was observed, originating from the nutrient fo-
ramen. Thickened trabeculae were observed surrounding this collar. 
The nutrient foramen provides blood to the bone via the nutrient ar-
tery, and its invasion triggers endochondral ossification. As a result, 
the presence of the nutrient artery precedes the formation of tra-
beculae, which must therefore grow around the vessels, which thus 
influences the trabecular architecture (Cunningham & Black, 2013). 
This pattern of thickened trabeculae around vasculature has also 
been observed in the scapula and ischium (Maclean et al., 2014; 
O'Malley, 2013). The talus demonstrates a complex vascular pat-
tern that may influence the development of its internal structures 
(Figure 1). The cartilage model of the talus is the first of the tarsals to 
experience vascular invasion (Cheng et al., 1997; Fritsch et al., 1996), 
with cartilage canals appearing between 9 and 12 weeks (Agrawal 
et al., 1984; Gardner et al., 1959). By the perinatal period, the talus 

is supplied by vessels from branches of the sinus tarsi, deltoid, and 
superior neck vessels (Fritsch et al., 1996).

The existing research literature continues to enhance knowledge 
and understanding of juvenile skeletal development; nevertheless, 
gaps in our knowledge still exist. The talus presents an irregular 
bone, which deviates from the developmental studies that have pre-
dominantly focused on the long bones. Thus, a radiographic investi-
gation of the talus aims to contribute to the growing understanding 
of juvenile skeletal ontogeny by providing a detailed description of 
the changes to the internal organisation of the talus and identifying 
ontogenetic phases and developmental patterns, over an expanded 
age range in comparison to previous studies.

2  |  MATERIAL S AND METHODS

2.1  |  Sample selection

Sixty- two human tali from 38 individuals were available for examina-
tion from the Scheuer Collection within the Centre for Anatomy and 
Human Identification, University of Dundee. The Scheuer Collection 
is an active juvenile skeletal repository from European archaeologi-
cal and historical anatomical sources. Documented information was 
available for 11 individuals, with age- at- death being estimated for 
most of the sample. Three historical anatomical specimens were in-
cluded in this study, with the remainder being archaeological. Ethical 
approval is in place for research upon this skeletal collection from the 
HM Inspector for Anatomy, Scotland. Specimens were selected based 
on the following criteria: no extensive post- mortem damage, pathol-
ogy, or soft tissue, nor articulated with other skeletal elements. The 
specimens included with post- mortem damage exhibited cortical ero-
sion, and if damage to the trabecular bone was present, it was deemed 
minimal. Specimens included in the analysis ranged in age from 
28 weeks intrauterine to 20 years (Table 1). Definitions of early and 

F I G U R E  1  Sagittal section of the talus at 2.5 years with an 
arterial injection. From An Atlas of Vascular Anatomy of the 
Skeleton and Spinal Cord, Edn. 1 by Crock (1996). Reproduced by 
permission of Taylor & Francis Group.
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late childhood are adapted from Ryan et al. (2017), who divided child-
hood into early (1– 5 years), middle (5– 10 years), and late (10– 18 years). 
In this study, childhood was subdivided into two periods before and 
after 8 years of age due to the observations throughout the literature 
that typically, adult trabecular quantity and structure are achieved at 
8 years of age, as observed in the tibia (Gosman & Ketcham, 2009), 
calcaneus (Saers et al., 2019), and vertebrae (Roschger et al., 2001).

2.2  |  Radiography and colour mapping

The radiographic protocol combining colour gradient maps with radi-
ographic absorptiometry outlined in Reid et al. (2023) was adopted. 
This method uses an aluminium step wedge to calibrate levels of x- 
ray absorption and to provide a standard reference for comparison 
between smaller and larger specimens. The grey levels of each step 
of the step wedge were measured in Adobe Photoshop 2021 version 
22.3.1. A calibration plot for each radiograph was produced for grey 
level versus aluminium bone mineral density equivalents (Al BMDE), 
where Al BMDE equals the known step thickness multiplied by step 
wedge density. The radiographic JPG images were converted into 
colour gradient maps using Adobe Photoshop 2021 version 22.3.1 
using standardised settings. The grey level versus AL BMDE calibra-
tion plot was then used to calculate the Al BMDE for each colour 
on the colour map. The resultant colour gradient maps correlate Al 
BMDE to four different colours (yellow, violet, orange, and blue) and 
provide an AL BMDE scale bar for reference. Areas of violet depict 
low Al BMDE values; orange depicts medium Al BMDE values; and 
blue indicates high Al BMDE values.

The inferior and lateral views of the talus were radiographed 
within the Centre for Anatomy and Human Identification, University 
of Dundee, using a Saxo Mobile X- ray Unit. All specimens were 
placed upon 1.5 cm thick Oasis Ideal Max Life Wet Floral foam, with 
parafilm stretched over the foam surface to prevent any foam par-
ticles from entering bone with cortical erosion or via the vascular 
foramina. The inferior view was accomplished by placing the plan-
tar surface of the talus upon the foam, while the lateral view was 
achieved by gently pressing the lateral process of the talus into the 
foam. In specimens where the lateral process had not developed, the 
lateral side of the talus was gently pressed into the foam to stabilise 
it. Exposure settings of 55 kV and 1.6 mA with a focal distance of 
100 cm were utilised throughout the radiographic study.

2.3  |  Developmental analysis

The colour maps for all individuals were placed in groups of shared 
morphology and radiographic patterns without any knowledge of 
the age- at- death of the specimens. More specifically, group 1 speci-
mens were comprised of tali that were spherical, while group 2 tali 
had a “peanut- like” morphology. In Groups 3 and 4, the talus had a 
recognisable head, neck, and body, and the two groups were distin-
guished from each other by their radiodensities. Specimens within 
Group 5 had developed their lateral process, as did specimens from 
Group 6, but this latter group also had an elongation of the neck. 
Group 7 specimens shared a morphology with Group 6 but had a 
distinct radiographic pattern.

Age- at- death information was added to each group once all the 
colour maps had been assigned to a group. Areas of violet were 
interpreted as areas of low Al BMDE values, orange as medium Al 
BMDE values, and blue as areas of high Al BMDE values. Bilateral 
asymmetry was assessed by comparing whether each talus had been 
assigned to the same developmental group as its antimere. An exact 
sign test was used to assess whether group differences existed be-
tween observations of antimeres (α = 0.05).

2.4  |  Intra- observer agreement

To assess intra- observer agreement, the assignment of each colour 
map to a development group was repeated without knowledge of 
which individual each specimen belonged to or age- at- death. The 
developmental group assigned was compared to the original assess-
ment using a weighted kappa analysis with linear weights (Cicchetti 
& Allison, 1971) to assess agreement. Statistical analysis was con-
ducted using SPSS v28.

3  |  RESULTS

An exact sign test was conducted to assess whether median group 
differences existed between observations of antimeres. Of the 21 
pairs of tali, 3 individuals had tali that were assigned to different 
developmental groups. There was no statistically significant median 
difference in the assignment of antimeres to developmental groups 
(p = 0.250). Post- mortem damage was present on two of these 

TA B L E  1  Sample composition.

Age Number of specimens Number of individuals Left Right

Foetal 28– 38 weeks 4 3 1 3

Perinatal Term 10 7 4 6

Infancy 0– ≤12 months 2 2 1 1

Early childhood >1– ≤8 years 19 11 9 10

Late childhood >8– 20 years 27 15 13 14

Total 62 38 28 34
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6  |    REID et al.

individuals, which may have influenced the assessment of the talus 
morphology.

Colour maps of the talus were divided into seven developmen-
tal groups based on a shared morphology and radiographic patterns 
(Table 2 and Figure 2).

To assess intra- observer agreement, the placement of colour 
maps of 62 specimens into developmental groups was repeated. 
There was a statistically significant agreement between the two 
analyses, kw = 0.977 (95% CI, 0.958 to 0.995), p < 0.0005. The 
strength of agreement was classified as very good according to 
Landis and Koch (1977).

3.1  |  Group 1 (28– 38 weeks intrauterine)

Group 1 was limited to four foetal specimens from three individuals, 
which appeared both morphologically and radiographically distinct 
from the rest of the talar sample (Figure 3). Morphologically, the 
talus appeared as an osseous sphere ranging 4– 8 mm in diameter. 
The lack of osteological features in the talus at this stage prevented 
orientation of the specimen. Therefore, only one radiographic view 
was conducted for these specimens. The small size of the specimens 

limited the radiological details. In specimens aged 28 weeks intrau-
terine, the talus appeared as a radiodense sphere lacking a shared 
pattern between specimens; however, by 38 weeks, the centre of 
the talus demonstrated greater Al BMDE than the periphery of the 
bone (Figure 4, arrows 1 and 2).

3.2  |  Group 2 (birth– 6 months)

The 11 specimens, from 8 individuals, assigned to Group 2 were 
predominately perinatal specimens. At this stage, the tali appeared 
‘peanut- like’ in morphology, with the sinus tarsi and neck becom-
ing evident (Figures 5 and 6). The increase in size in comparison to 
Group 1 resulted in an increase in observable radiological features 
(Figure 3). Despite the specimens in this group ranging in radioden-
sity and radiolucency, a common pattern was observed within the 
specimens (Figures 3 and 4). The shared pattern within Group 2 con-
sisted of a C- shaped radiodensity within the centre of the talus asso-
ciated with elevated Al BMDE levels in comparison to the rest of the 
talus (Figure 6, arrows 1 and 2). When viewed radiographically from 
the lateral perspective, this area appeared to be located towards the 
plantar surface of the bone in the region of the developing sinus tarsi 
(Figure 6, arrows 3 and 4).

3.3  |  Group 3 (1 year)

A single specimen with a recorded age- at- death of 1 year old was 
assigned to Group 3. This specimen demonstrated post- mortem 
damage with extensive cortical erosion and exposure of the under-
lying trabeculae; however, it was included in the sample due to a 
paucity of specimens of such age (Figure 7). Morphologically, the 
talus had developed in mass in comparison to Group 2, and the 
curvature of the lateral process was beginning to become evident 

TA B L E  2  Identified developmental groups.

Group
Number of 
specimens

Number of 
individuals Age range

1 4 3 28– 38 weeks intrauterine

2 11 8 Birth– 6 months

3 1 1 1 year

4 12 8 2– 8 years

5 9 5 5– 9 years

6 13 7 9– 14 years

7 11 6 16 years– 20 years

F I G U R E  2  Age distribution of each developmental group, excluding Group 1. Error bars indicate an estimated age- at- death range. 
Perinatal individuals were assigned 0 years of age.
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    |  7REID et al.

(Figure 3). From the inferior view, the body of the talus had a tra-
jectory running from the medial body to the antero- lateral head 
that appeared to have elevated Al BMDE in comparison to the 

remainder of the talus (Figure 7, arrows 1 and 3). The lateral body 
also appears to have medium Al BMDE (Figure 7, arrow 2). From the 
lateral view, the body of the talus also appeared radiodense, with 

F I G U R E  3  Inferior view of the developing talus (with the exception of the non- orientated Group 1). Group assignment on the left side of 
the figure. (a) Least developed; (b) median development; (c) most developed specimen within each developmental group. Al BMDE scale in 
each image.
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8  |    REID et al.

linear trajectories from the body extending through the dorsal half 
of the talar head and neck (Figure 7, arrows 4 and 5). Overall, this 
specimen appeared to have a reduced radiodensity in comparison 
to Group 2 specimens due to the visible yellow background through 
the bone, and therefore Al BMDE. However, it is unclear whether 
this is due to a decrease in bone mineral density or due to the post- 
mortem damage to the bone, which interrupts both the cortical and 
trabecular structures (Figures 3 and 4).

3.4  |  Group 4 (2– 8 years)

Within Group 4, the 12 tali from 8 individuals appeared easily rec-
ognisable in comparison to previous groups, with a distinct body, 
neck, and head (Figures 3 and 4). Radiographically, the body of the 
talus appeared to be comprised of medium to high Al BMDE, with 
the lateral aspect of the trochlea exhibiting increased Al BMDE as 
maturity increased within this group (Figure 8, arrows 1 and 2). A 
consistent trajectory extending antero- laterally from the medial 
aspect of the talar body to the lateral talar head was observed 
(Figure 8, arrow 3). Viewed laterally, the pattern extending from the 
body, through the neck, and into the head appeared to be present 
within the superior half of the neck and head of the talus (Figure 8, 
arrows 4– 8). Meanwhile, the body of the talus exhibited a pattern 
of rays extending vertically throughout this region of the bone 
(Figure 8, arrows 4 and 5).

3.5  |  Group 5 (5– 9 years)

In comparison to specimens within Group 4, the lateral process of 
the talus was more developed in the Group 5 stage (Figures 3 and 
4). Specimens within Group 5 demonstrated the development of the 
radiographic patterns observed in Group 4; however, the area of 
high Al BMDE within the lateral trochlea increased in prominence, 
with a pattern appearing to extend out of this area and curve from 
the lateral aspect of the talus and into the midline (Figure 9, arrows 
1), extending anteriorly into the neck (Figure 9, arrow 4). Medially, 
struts appeared to extend from the body and anterolaterally through 
the neck and into the head, as exhibited in Group 4 (Figure 9, arrows 
2, 3, and 5). The lateral view of the talus also demonstrated a more 
developed version of the pattern observed within Group 4, with a 
trajectory evident running supero- inferiorly within the talar body 
(Figure 9, arrows 6– 8). A pattern was also observed originating from 
the body and extending anteriorly into the neck and head in linear 
rays, which were more prominent in the superior half of the talus 
(Figure 9, arrows 9– 11).

3.6  |  Group 6 (9– 14 years)

Group 6 tali, which consisted of 13 specimens from 7 individuals, 
demonstrated a morphology consistent with the adult talus, with a 
well- developed lateral process and lateral tubercle of the posterior 
process. In comparison to Group 5 specimens, the neck of the talus 
appeared elongated (Figures 3 and 8). Similar radiographic patterns 
were observed within Group 5, but they appeared more refined in 
Group 6 (Figures 3 and 8). The lateral trochlea demonstrated an area 
of high Al BMDE (Figure 10, arrow 1). A trajectory curved antero- 
medially from the lateral trochlea into the neck and head, while 
struts also extended linearly from the medial aspect of the body and 
into the neck (Figure 10, arrows 2 and 3). This then appeared to ex-
tend antero- laterally into the head of the talus and increase in Al 

F I G U R E  4  Annotated colour gradient map of a 38- week foetal Group 1 individual. Arrow descriptions are provided in Table 3.

TA B L E  3  Radiographic features of a Group 1 talus. Arrows 
pertain to Figure 4.

Arrow Feature

1 Radiopaque centre of talus associated with medium Al 
BMDE, depicted by orange.

2 Periphery of talus with greater radiolucency than the centre 
of the talus with lower Al BMDE depicted by violet.
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    |  9REID et al.

BMDE in the distal direction (Figure 10, arrows 4 and 5). From the 
lateral view, the talus appeared similar to Group 5, but with a pattern 
of high Al BMDE extending through the superior aspect of the neck 

and throughout the head of the talus (Figure 10, arrow 11). Rays 
were also observed extending superiorly from the plantar surface of 
the head and neck (Figure 10, arrows 9 and 10).

F I G U R E  5  Lateral view of the developing talus. Group assignment on the left side of the figure. (a) Least developed; (b) median 
development; (c) most developed specimen within each developmental group. Al BMDE scale in each image.
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10  |    REID et al.

3.7  |  Group 7 (16– 20 years)

Radiographic patterns observed between Groups 6 and 7 were very 
similar, and as such, both groups overlap in age range (Figures 2, 3, 
and 5). However, these groups were distinguished radiographically 
by the prominent pattern of high Al BMDE, demarcated by blue, 

running antero- laterally from the medial aspect of the medial talar 
body and into the head of the talus via the neck observed within 
Group 7 specimens (Figure 11, arrows 3 and 4).

4  |  DISCUSSION

The developing talus demonstrated distinct ontogenetic phases. The 
development of the talus can therefore be subdivided into foetal, 
perinatal, and refinement (>2 years). This is consistent with the pro-
gression of development described within the talus (Figus, Stephens, 
Sorrentino, Bortolini, Arrighi, Higgins, et al., 2022; Figus, Stephens, 
Sorrentino, Bortolini, Arrighi, Lugli, et al., 2022) and other regions of 
the skeleton (Acquaah et al., 2015; Beresheim et al., 2020; Colombo 
et al., 2019; Gosman & Ketcham, 2009; Maclean, 2017; Milovanovic 
et al., 2017; O'Malley, 2013; Reid et al., 2023; Ryan et al., 2017; Ryan 
& Krovitz, 2006; Saers et al., 2019).

Radiographic analysis of the foetal talus was limited due to its 
small size. At 28 weeks, there was a lack of a shared pattern be-
tween specimens; however, by 38 weeks, the centre of the talus 

F I G U R E  6  Annotated colour gradient map of a perinatal Group 2 individual. Arrow descriptions are provided in Table 4.

TA B L E  4  Radiographic features of a Group 2 talus. Arrows 
pertain to Figure 6.

Arrow Feature

1 C- shaped radiodensity within the centre of the talus with 
medium Al BMDE illustrated by orange.

2 Periphery of talus with lower Al BMDE than the centre 
demonstrated by the violet colour.

3 Medium Al BMDE within the centre of the talus which 
appears to decrease in prevalence from the plantar to 
the dorsal surface of the talus.

4 Small area superior to the sinus tali with high Al BMDE 
illustrated by a line of blue.
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    |  11REID et al.

appeared more radiodense than the periphery of the bone. This 
appears consistent with previously reported ossification patterns 
of the talus, which progress from deep to superficial (Fritsch 
et al., 1996). This pattern was also observed radiographically in 
the foetal and perinatal lumbar vertebral centra (Goodchild, 2019; 
Nuzzo et al., 2003).

By the perinatal period, the talus had developed considerably 
in comparison to 28 weeks intrauterine. At this stage, an area of 
increased radiodensity was observed superior to the region of the 
sinus tarsi. This radiodense area is consistent with the location of the 
primary ossification centre of the talus, which has previously been 
described as originating in the neck region of the bone (Agrawal 
et al., 1984; Cheng et al., 1997; Fritsch et al., 1996; Hubbard 
et al., 1993). Thus, this area of elevated Al BMDE in comparison to 
the remainder of the perinatal talus may be attributed to its location 
as the primary ossification centre. Ossification of the talus contin-
ues from this area, purportedly expanding distally, proximally, and 
medially (Hubbard et al., 1993). Therefore, these areas are likely to 
be associated with lower Al BMDE in comparison to the primary os-
sification centre.

From the inferior radiographic view of 7 out of 10 perinatal 
tali specimens, a C- shaped radiodensity was observed in several 
specimens, with increased radiodensity towards the medial side 
(Figure 12). This indicates that there may be an organised pattern 
within the perinatal talus. Figus, Stephens, Sorrentino, Bortolini, 
Arrighi, Higgins, et al. (2022) did not conclude to have observed a pat-
tern within the pre- loading juvenile talus following micro- computed 

F I G U R E  7  Annotated colour gradient map of a 1- year- old Group 3 individual. Arrow descriptions are provided in Table 5. Grey arrows 
indicate post- mortem damage.

TA B L E  5  Radiographic features of a Group 3 talus. Arrows 
pertain to Figure 7.

Arrow Feature

1 Medium Al BMDE illustrated by orange within the medial 
body.

2 Low Al BMDE demonstrated by the violet colour within 
lateral body.

3 Trajectory running from the medial body to the antero- 
lateral talar head.

4 Violet radiopaque area running superoinferiorly within 
the body.

5 Radiodense linear trajectories extending from the body 
through the dorsal half of the talar head and neck.
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12  |    REID et al.

tomography analysis; however, the patterns observed radiographi-
cally may not be reflected in BV/TV and DA values. Given that DA 
reflects the trabecular alignment, we would not expect to see this 
radiodensity reflected in the DA values unless there were clearly 
organised struts visible within the radiographs, such as the consis-
tent trajectory extending antero- laterally from the medial aspect of 
the talar body to the lateral talar head in specimens from Group 4 

onwards (Figure 7, arrow 3). This level of organisation does not ap-
pear to be present in the perinatal specimens. However, it could be 
hypothesised that a high radiodensity results in a high BV/TV result 
since BV/TV is the ratio of bone to the total volume analysed. Within 
Figus, Stephens, Sorrentino, Bortolini, Arrighi, Higgins, et al. (2022) 
morphometric maps of BV/TV means, the pre- loading group does 
appear to have increased BV/TV within the medial side of the talus 

F I G U R E  8  Annotated colour gradient map of a 6- year- old Group 4 individual. Arrow descriptions are contained within Table 6. Grey 
arrows indicate post- mortem damage.

TA B L E  6  Radiographic features of a Group 4 talus. Arrows pertain to Figure 8.

Arrow Feature

1 Area of high Al BMDE depicted by blue located within the lateral talar body.

2 The body of the talus predominately has medium values of Al BMDE than increases in prevalence from medial to lateral.

3 Trajectory of orange illustrating medium Al BMDE running anterolaterally between the body of the talus and the head, 
through the neck.

4 Area of medium Al BMDE illustrated by orange present throughout the body of the talus.

5 Trajectory of high Al BMDE depicted by blue extending superior- inferiorly through the body of the talus.

6 Area of medium to high Al BMDE with an orange and blue curvature along the trajectory of the sinus tali.

7 High Al BMDE observed within the superior neck of the talus. Blue struts extend anteriorly from this area into the head.

8 Prevalence of orange extending anteriorly within the superior half of the head of the talus.
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    |  13REID et al.

F I G U R E  9  Annotated colour gradient map of an 8- year- old Group 5 individual. Arrow descriptions are provided in Table 7. Grey arrows 
indicate post- mortem damage.

TA B L E  7  Radiographic features of a Group 5 talus. Arrows pertain to Figure 9.

Arrow Feature

1 High Al BMDE depicted by blue within the lateral body of the talus.

2 Postero- medially within the body of the talus, linear orange struts appear to fan out from the posteromedial margin of the bone.

3 Trajectory of medium/high Al BMDE which extend from the medial aspect of the body of the talus and anterolaterally through the neck 
and into the head.

4 Striations which appear violet and orange that extend anteriorly from the lateral aspect of the talar body, through the neck and into the 
head.

5 Network of blue present within the head of the talus indicating high aluminium bone mineral density equivalents.

6 Semi- circle area of Al BMDE depicted by blue fanning from the superior body of the talus.

7 Trajectory of blue extending between the dorsal and plantar surface of the talar body.

8 Rectangular area of Al BMDE depicted by blue extending from the inferior body of the talus.

9 Area of high Al BMDE extending superiorly from the plantar anterior surface of the body in the region of the sinus tali/lateral process.

10 Blue area of high Al BMDE equivalents extending through the superior neck of the talus which is a continuation of the area demarcated 
by Arrow 6.

11 Linear trajectory travelling anteriorly through the head of the talus which range from medium to high Al BMDE, illustrated by blue and 
orange. Inferiorly within this area, these struts appear more mesh- like than linear.
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14  |    REID et al.

in comparison to the remainder of the bone, which is consistent with 
the radiographic patterns observed here. This c- shaped radiodensity 
is not dissimilar to the radiodensity observed in the mature talus, 
with struts extending anteromedially from the lateral body of the 
talus and into the head, combined with the radiodensity within the 

body, which as a whole appears c- shaped. It could be that the c- 
shape radiodensity is a pre- existing scaffold on which the mature 
structure is developed.

Rudimentary patterns consistent with adult form have also been 
identified in the foetal ilium (Abel & Macho, 2011; Cunningham & 

F I G U R E  1 0  Annotated colour gradient map of a Group 6 individual estimated at 9– 12 years of age at death. Arrow descriptions are 
provided in Table 8.

TA B L E  8  Radiographic features of a Group 6 talus. Arrows pertain to Figure 10.

Arrow Feature

1 High Al BMDE depicted by blue within the lateral body of the talus.

2 Orange struts within the central region of the neck of the talus.

3 Medial margin of the talus exhibits a line of blue depicting high Al BMDE.

4 Trajectory ranging from orange to blue extending anterolaterally through the neck of the talus from the medial aspect of the 
talus and into the head.

5 Blue network within the head of the talus.

6 Area of Al BMDE within the plantar aspect of the body which increases in prevalence from posterior to anterior.

7 Trajectory ranging from orange to blue present between the dorsal and plantar aspects of the talar body.

8 Semi- circular area of high Al BMDE within the superior aspect of the talar body.

9 Area of high Al BMDE extending superiorly from the sinus tali/lateral process.

10 Network of orange throughout the inferior portion of the head and neck of the talus extending superiorly and slightly anteriorly.

11 Blue trajectory within the dorsal half of the head of the talus which continue from Arrow 8 and indicate high Al BMDE.
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    |  15REID et al.

Black, 2009a, 2009b), the sacrum (Yusof, 2013), and the scapula 
(O'Malley, 2013). These basic frameworks are suggested to be ge-
netically predetermined and that bipedal forces are subsequently 
superimposed upon them.

Alternatively, the rudimentary pattern within the perinatal 
talus may be a result of the vascularisation pattern of the talus. 
Numerous vascular foramina can be observed macroscopically 
within the neck of the talus. These foramina coincide with areas of 

reduced Al BMDE in comparison to the rest of the bone, suggest-
ing that the invasion of vessels influences the radiopacity of the 
talus. The cartilaginous anlage of the talus is the first tarsal to ex-
perience vascular invasion (Cheng et al., 1997; Fritsch et al., 1996), 
with cartilage canals appearing between 9 and 12 weeks (Agrawal 
et al., 1984; Gardner et al., 1959). By the perinatal period, the talus 
is supplied by vessels via branches from the sinus tarsi, deltoid, 
and superior neck vessels (Fritsch et al., 1996). Therefore, the 

F I G U R E  11  Annotated colour gradient map of a Group 7 individual estimated at 16– 20 years of age at death. Arrow descriptions are 
provided in Table 9.

TA B L E  9  Radiographic features of a Group 7 talus. Arrows pertain to Figure 11.

Arrow Feature

1 High Al BMDE depicted by blue within the lateral body of the talus.

2 Orange struts extending anteromedially from the lateral body of the talus and into the head.

3 Trajectory of high Al BMDE depicted by blue extending anteromedially through neck of the talus and into the head.

4 The blue struts demarcated by Arrow 3 converge at the distal head of the talus in an area of dense blue.

5 Blue area of high Al BMDE within the dorsal aspect of the talar body.

6 Network of struts ranging from orange to blue present between the dorsal and plantar aspects of the talar body.

7 Area of high Al BMDE within the plantar aspect of the body.

8 Area of high Al BMDE extending superiorly from the sinus tali/lateral process.

9 Network of blue struts within the dorsal half of the head of the talus which continue from the body and indicate high Al BMDE.
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organisation within the perinatal talus that appears as a template 
for the adult talus may be a result of the vascularisation pattern of 
the bone (Figure 1), rather than acting as a pre- determined tem-
plate for locomotive forces to act upon. This neck area of the talus 
is also typically smaller in dimension than the rest of the bone, and 
therefore presents less tissue for x- rays to pass through and will 
appear more radiolucent than the rest of the bone. However, this 
radiolucency also appears from the lateral view, suggesting it is 
not solely related to differences in tissue thickness.

Additionally, these patterns coincide with the location of the cal-
caneal facets of the talus, which may contribute to this radiodensity. 
These general areas of increased radiodensity within the talus that 
can be observed in individuals older than 3 years of age may be asso-
ciated with the developing subtalar facets (Figure 13).

The radiodense areas, outlined in white in Figure 13, coincide 
with the subtalar facets, allowing for the demarcation of these 
articular surfaces after 3 years of age. This may be attributed to 
weight- bearing due to the bipedal gait. This also coincides with 
the increase in BV/TV observed in the posterior subtalar facet 
between 3.1 and 6 years (Figus, Stephens, Sorrentino, Bortolini, 
Arrighi, Lugli, et al., 2022), which indicates that areas of articula-
tion may experience increased BV/TV with the application of bi-
pedal forces in comparison to non- articular areas. Morphological 
transformations of the talar facets after 8 years of age have been 
demonstrated to be strongly correlated with increasing body-
weight (Hellier & Jeffery, 2006). Thus, the prominent pattern of 
high Al BMDE, demarcated by blue, running antero- laterally from 
the medial aspect of the talar body and into the head of the talus 
via the neck observed within Group 7 specimens may be related 
to an increase in bodyweight following the pubertal growth spurt. 
A combination of the presence of the subtalar facets and the vas-
cularisation of the talus may therefore contribute to the shared 
patterns identified between young and late adolescent individu-
als. Further research on a larger sample of perinatal tali is required 
to assess whether this rudimentary pattern is a superficial resem-
blance or is more significant.

Due to the paucity of talar specimens ranging 0– 2 years 
within this sample, limited conclusions can be made regarding 
the talus during this period. The single talus examined within this 
age group exhibited post- mortem damage, and thus no observa-
tions of changes in Al BMDE can be made. In several skeletal el-
ements, this age range has demonstrated a period of regression 
associated with reduced radiodensity and trabecular bone vol-
ume fraction (Acquaah et al., 2015; Gosman & Ketcham, 2009; 
Milovanovic et al., 2017; Reid et al., 2023; Ryan et al., 2017; 
Ryan & Krovitz, 2006; Saers et al., 2019). Therefore, further ex-
amination of a larger sample of tali during this age period is rec-
ommended to investigate whether the talus also demonstrates a 
regressive period. Additionally, the absence of specimens of this 
age results in a lack of observation as to whether the development 
of the longitudinal arch of the foot and ankle plantarflexion during 
walking around 18 months of age influences the internal structure 
of the developing talus.F
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While several trabecular trajectories are described within the liter-
ature examining the adult talus, they lack a standardised terminology. 
Therefore, based on the observations made in this study of the late ad-
olescent (Group 7) talus combined with the adult literature, the follow-
ing trajectories are proposed: tibiocalcaneal, medial malleolar, lateral 
malleolar, talonavicular (medial, central, and lateral), anterior talocal-
caneal, and talocalcaneonavicular trajectories (Figures 14 and 15). The 
naming convention adopted is based on positional information. These 
are also simplifications of the trajectories of the radiographic patterns 
observed within the talus and identify the most evident trajectories.

A radiographic pattern was observed within the body of the 
adolescent tali that was orientated in more than one direction, 

identified as the medial and lateral malleolar trajectories (Figure 15). 
This pattern was identifiable in Group 3 specimens (from 1 year of 
age) and became more distinct with maturity. In the midline of the 
juvenile talar body, a sagittal trajectory was observed, named the 
central talonavicular trajectory (Figure 15). In the medial aspect of 
the juvenile talar body, a trajectory appears to radiate both anteri-
orly and posteriorly (medial talonavicular and medial malleolar tra-
jectory, Figure 15). From the lateral view, a trajectory was observed 

F I G U R E  1 3  Development of subtalar facets in the left talus. (a) 4 years; (b) late adolescence. Top row is an unaltered image of the lower 
row. White outlines demarcate subtalar facets.

F I G U R E  1 5  Proposed trajectories within the talus. Superior view.

F I G U R E  14  Proposed trajectories within the talus. Lateral view.
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running supero- inferiorly within the body (tibiocalcaneal trajectory, 
Figure 14).

The adult body of the talus has been described as parallel trabec-
ular plates running in the sagittal plane within the body (Ebraheim 
et al., 1999; Pal & Routal, 1998), while the talar body trabeculae 
were found to be orientated in two directions (Athavale et al., 2008; 
Takechi et al., 1982). The observations within the juvenile talus of 
the malleolar, talonavicular, and tibiocalcaneal trajectories within 
this study therefore agree with the latter description (Athavale 
et al., 2008; Takechi et al., 1982). Su et al. (2013) also described the 
trabeculae in the posterolateral trochlea as orientated slightly pos-
teriorly towards the calcaneus, consistent with the lateral malleolar 
trajectory. The organisation within the body of the adult talus is be-
lieved to facilitate the transmission of forces from the body via the 
tibia and through the talus, both anteriorly towards the metatarsals 
and postero- inferiorly towards the calcaneus (Takechi et al., 1982). 
Therefore, this suggests the patterns observed within the devel-
oping juvenile talus are consistent with the trajectories observed 
within the adult talus. These adult trajectories have been strongly 
associated with the transmission of forces during walking (Pal & 
Routal, 1998; Takechi et al., 1982), and therefore their appearance 
may be attributed to the development of the bipedal gait in the juve-
nile talus. This is in agreement with the micro- computed tomography 
findings of Figus, Stephens, Sorrentino, Bortolini, Arrighi, Higgins, 
et al. (2022) and Figus, Stephens, Sorrentino, Bortolini, Arrighi, Lugli, 
et al. (2022) in the juvenile talus.

Additionally, the lateral body demonstrated an increasing area of 
high bone mineral density equivalents, demarcated by blue, as de-
velopment progressed after 2 years of age. The lateral portion of the 
trochlea has been reported as an area of high BV/TV within adults 
(Saers et al., 2018; Tsegai et al., 2017), while the lateral side of the 
body has also demonstrated high BV/TV values (Figus, Stephens, 
Sorrentino, Bortolini, Arrighi, Lugli, et al., 2022). This appears to be 
correlated to the distribution of contact pressure during the adult 
gait cycle modelled by Bae et al. (2015) on the trochlear surface. 
They noted areas of high pressure occurring during the midstance 
and push- off phases of the gait cycle appearing on the antero- lateral 
quadrant of the talar surface, suggesting these areas are adapted 
to facilitate high pressures. Therefore, the increasing prevalence 
of blue, indicating high Al BMDE, observed within this area from 
2 years of age may be related to developing bipedal gait, with this 
area in particular experiencing increasing pressures.

The neck of the talus appeared increasingly organised at 1 year of 
age. A trajectory appeared to extend from the body, through the neck, 
and into the head of the talus (talonavicular trajectory; Figures 14 and 
15). From the inferior view, this trajectory appeared to extend anteri-
orly from the medial aspect of the anterior body and extend antero- 
laterally towards the lateral portion of the distal talar head (medial 
talonavicular trajectory; Figure 14). From the centre of the anterior 
body of the talus, trabeculae appear to extend in the sagittal plane 
through the neck (central talonavicular; Figure 15), while from the lat-
eral body of the talus, the trajectory appears to curve along the outline 
of the lateral neck of the talus (lateral talonavicular; Figure 15).

The organisation of the inferior half of the neck of the talus is 
less easily discerned than the superior neck. In specimens of Group 
4 (2– 8 years) and less mature specimens of Group 5 (5– 9 years), an 
arched- shaped trajectory appears to curve from the anterior plantar 
body and into the posterior aspect of the plantar surface of the head 
(talocalcaneonavicular trajectory; Figure 14). Additionally, vertically 
aligned struts can be observed within this area (anterior talocalcaneal 
trajectory; Figure 14). However, within the more mature specimens of 
Group 5, this organisation of the inferior half of the neck of the talus 
becomes less visible due to the superimposition of the lateral process.

The configuration of the neck of the developing juvenile talus 
conflicts with several studies that describe the adult talar neck as 
a dense, irregular network of trabeculae (Ebraheim et al., 1999; Pal 
& Routal, 1998; Sinha, 1985; Takechi et al., 1982). However, the ob-
servations agree with Athavale et al. (2008), who described the talar 
neck as organised and a continuation of plates from the body of the 
talus. The organised appearance of the talar neck is consistent with 
the theory that trabecular trajectories in the adult talus transmit 
forces both anteriorly towards the navicular and inferiorly towards 
the calcaneus, in addition to receiving ground reaction forces via the 
calcaneus (Pal & Routal, 1998; Takechi et al., 1982), and further indi-
cates that the identification of similar trajectories within the juvenile 
talus is related to these biomechanical forces.

The head of the juvenile talus demonstrated clear radiographic 
patterns. The medial talonavicular trajectory extends antero- 
laterally from the medial aspect of the talar body and into the lat-
eral aspect of the head of the talus. In the more mature specimens 
of Group 6, this trajectory appeared blue within its most distal as-
pect, indicating high- Al BMDE. This area of elevated high Al BMDE 
equivalents is in the region of the articular surface of the navicular. 
This is consistent with the description of curved trabecular plates in 
the sagittal plane within the head of the adult talus (Athavale et al., 
2008; Ebraheim et al., 1999; Krause et al., 2013; Pal & Routal, 1998; 
Saers et al., 2018; Sinha, 1985; Takechi et al., 1982). Additionally, 
high BV/TV values have been observed at the articular surface of the 
navicular in the adult talus (Tsegai et al., 2017) and the juvenile talus 
(Figus, Stephens, Sorrentino, Bortolini, Arrighi, Higgins, et al., 2022, 
Figus, Stephens, Sorrentino, Bortolini, Arrighi, Lugli, et al., 2022). 
This arrangement within the head of the talus is thought to facili-
tate the transmission of compressive forces to the metatarsals and 
pressures from the talonavicular joint while also being adapted to 
facilitate the transmission of forces inferiorly to the calcaneus (Pal & 
Routal, 1998; Takechi et al., 1982).

The organisation of the juvenile talus appears closely aligned 
with its functional requirements within the ankle joint to facilitate 
the transmission of forces during passive standing and the bipedal 
gait from the body. This consists of the transmission of forces from 
the body via the tibia and through the talus, which is organised to 
pass forces anteriorly through to the forefoot and inferiorly to the 
calcaneus. This organisation appeared from 1 year of age, becom-
ing more distinct at 2 years of age, which coincides with the acquisi-
tion of the bipedal gait and becomes more refined during ontogeny. 
Within the mature tali of Group 5 (5– 9 years) and all specimens of 

 14697580, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/joa.13940 by U

niversity of D
undee, W

iley O
nline L

ibrary on [18/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  19REID et al.

Group 6 (9– 14 years), the organisation of the talus appears consis-
tent with the adult form.

A combination of radiographic absorptiometry and colour gra-
dient maps was employed following Reid et al. (2023) to facilitate 
the observation of the internal arrangement of the talus from the 
foetal stage to late adolescence. However, radiographic absorptiom-
etry does not overcome limitations experienced with tissue super-
imposition within radiography, and therefore any Al BMDE reported 
will be affected. As a result, Al BMDE was used more as a guide 
for interpretation than for definitive comparisons, and no extensive 
quantification or analysis of these values was conducted. Likewise, 
the superimposition of tissues meant that it was not possible to ac-
curately differentiate between trabecular and cortical structures. 
Nevertheless, radiographic colour maps have been established to be 
a useful tool for ontogenetic analysis by radiographic results from 
Cunningham and Black (2009a) and Maclean et al. (2014) displaying 
consistent observations with subsequent microcomputed tomogra-
phy results from Cunningham and Black (2009b) and Maclean (2017). 
Additionally, the intra- observer agreement results demonstrated 
very good agreement, indicating this is a reliable method. This is 
supported by the good to very good intra-  and inter- observer agree-
ment results within the tibia (Reid et al., 2023).

The limitations of the sample must be acknowledged. Given the 
predominately archaeological nature of the Scheuer collection, it is 
unknown whether these results are applicable to a modern sample. 
Additionally, the influence of pathology and cause- of- death on the 
radiographic observations is undetermined.

5  |  CONCLUSION

This study combined radiographic absorptiometry with colour gra-
dient maps to investigate the developing juvenile talus. Distinct 
ontogenetic phases were observed. The foetal talus demonstrated 
limited radiographic features, but appeared consistent with reported 
ossification patterns. The perinatal talus demonstrated a rudimen-
tary pattern consistent with the structural organisation observed 
within the late adolescent (Group 7) talus. This shared pattern 
is hypothesised to be related to the vascular pattern of the talus. 
After 2 years of age, the talus demonstrated refinement, where ra-
diographic trajectories progressively developed into patterns con-
sistent with adult trabecular organisation, which are strongly linked 
to the forces associated with the bipedal gait. The development of 
such trajectories from approximately 2 years of age occurs around 
the onset of walking at approximately 12– 14.5 months of age, sug-
gesting a strong influence of locomotive forces on the development 
of the distal tibia and talus.
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