
1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6024  | https://doi.org/10.1038/s41598-024-55045-1

www.nature.com/scientificreports

The Middle Pleistocene human 
metatarsal from Sedia del Diavolo 
(Rome, Italy)
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Lucia Mancini 5, Diego Dreossi 6, Davorka Radovčić 7, Hannah Rice 8, Luca Bondioli 9,10 & 
Damiano Marchi 2,11

The peopling of Europe during the Middle Pleistocene is a debated topic among paleoanthropologists. 
Some authors suggest the coexistence of multiple human lineages in this period, while others 
propose a single evolving lineage from Homo heidelbergensis to Homo neanderthalensis. The recent 
reassessment of the stratigraphy at the Sedia del Diavolo (SdD) site (Latium, Italy), now dated to the 
beginning of marine isotope stage (MIS) 8, calls for a revision of the human fossils from the site. In this 
paper, we present the morphometric, biomechanical and palaeopathological study of the second right 
metatarsal SdD2, to both re-evaluate its taxonomical affinities and possibly determine the levels of 
physical activity experienced by the individual during lifetime. Results demonstrate the persistence of 
archaic features in SdD2 suggesting new insights into the technology and hunting strategies adopted 
by Homo between MIS 9 and MIS 8.

Many of the evolutionary and ecological innovations in the genus Homo occurred in the Middle Pleistocene. 
Among them: (a) the emergence of Homo sapiens in Africa1–3 and Homo neanderthalensis in Europe4,5; (b) the 
emergence of prepared core technologies such as Levallois6,7; (c) the diffusion of the systematic use and control 
of fire8–10; and (d) the expansion of the distribution of our genus to high latitudes and altitudes11. The picture 
of how, when, and where these innovations developed is however still unclear, due to the complexity of these 
phenomena, the scarce fossil record, and gaps in the stratigraphy.

In Europe, hominin fossils dating to the Middle Pleistocene can be grouped in two main temporal clusters: 
before the beginning of marine isotope stage (MIS) 8 (~ 300 ka) and after the second half of MIS 7 (~ 200 ka). 
The latter is represented by Middle Pleistocene Neandertals such as the specimens from the sites of Altamura12–14, 
Krapina15, Saccopastore16, and La Chaise-de-Vouthon complex17. The most ancient cluster includes fossils dat-
ing from MIS 15 to MIS 9 and have an uncertain specific attribution. Some authors propose that all the Middle 
Pleistocene European fossils belong to the Neandertal lineage, thus they alternatively classify them as either H. 
neanderthalensis5,18 or H. heidelbergensis (intended as a chronospecies of Neandertals)19–21. Other authors propose 
that a Neandertal clade coexisted with another hominin clade represented by H. heidelbergensis22–24 or the recently 
proposed species H. bodoensis25,26. The last hypothesis is supported, according to its proponents, by the overlap 
in time of fossils with clear Neandertal affinities (e.g., Swanscombe and Sima de los Huesos)27–29 and European 
Middle Pleistocene fossils retaining archaic morphological traits (e.g., Mauer, Ceprano, Arago, and Aroeira)29–32.

European hominin fossils dating between ~ 300 and ~ 200 ka (MIS 8 and the early MIS 7) are poorly repre-
sented: some dental remains from Payre, dated to MIS 8–MIS 734,35, attributed to H. neanderthalensis36,37; and 
the Apidima 1 partial cranium, dated to > 210 ka, showing a non-Neandertal morphology38. Filling this gap is of 
particular interest to palaeoanthropology because this period divides archaic Middle-Pleistocene humans, like 
H. heidelbergensis, and later humans confidently ascribable to Neandertals. At the same time, a fully Levallois 
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technology emerges at the end of MIS 9 and the beginning of MIS 87, although some authors propose a more 
ancient origin6.

In this framework, the recent reassessment of the stratigraphy at the archaeological and hominin-bearing 
site Sedia del Diavolo (SdD)7,39, assumes particular relevance. The site, until recently supposed to date at the 
late Middle Pleistocene40,41, is now dated at the beginning of MIS 8, between 295 and 290 ka7. This makes SdD 
among the few European sites with evidence of unambiguous Levallois technology between MIS 9 and early MIS 
8 and probably the oldest from Italy7. Moreover, as far as we know, it represents the oldest association in Europe 
between hominin remains and Levallois technology.

Our analysis involves examining the morphology, biomechanical properties, and paleopathology of the 
human metatarsal from SdD (specimen SdD2, Fig. 1). The objective is to re-evaluate its taxonomical affinities 
and determine the levels of physical activity experienced by the individual during lifetime.

Results
SdD2 (Fig. 1) is a virtually complete right second metatarsal. Its state of preservation is excellent and only minor 
fragments of cortical bone are lacking at the level of the inferior portion of the proximal surface, of the distal 
part of the superior lateral facet, and of some portions around the capitulum. Both the epiphyses are fused: in 
modern humans, the second metatarsal head fuses at 11–13 years in females and at 14–16 years in males42. The 
surface of the shaft is smooth, with no visible marks indicating the attachment points of the dorsal interossei 
muscle. Slight irregularities on the plantar aspect of the proximal epiphysis indicate the origin of the oblique 
head of the adductor hallucis muscle and the insertion of the tibialis posterior muscle.

Bone stress injury
In the distal third of the shaft, the contour of the cortical bone is characterized by a thickening of the bone due 
to the presence of a bone callus. Observing the inner structure in this area (Fig. 2; Supplementary Information 
Fig. S1) the bone thickening appears as a primary bone callus, not yet fully replaced by lamellar bone. The recon-
struction of the three-dimensional (3D) microstructure (Fig. 2) shows that the diaphysis is well aligned and there 
is a weak endosteal reaction. This condition is compatible with a periosteal reaction caused by microfractures, 
rather than a compound or acute fracture, suggesting a diagnosis of stress fracture, or a ‘bone stress injury’ using 
updated terminology43,44. Furthermore, periarticular acute fractures are often associated with osteoarthritis45,46, 
while in SdD2, the distal articular surface shows no signs of bone proliferation or osteoarthrosis (Fig. 1a).

Other potential diagnoses, such as acute fracture of the bone, osteoma or osteomyelitis cannot be excluded, 
particularly without information related to the surrounding bones. However, there is no evidence in the internal 
structure of the bone (Supplementary Information Fig. S1) of a lesion or of circumferential sclerosis as could be 
expected in the case of osteoma or osteomyelitis, respectively47. Furthermore, the lack of any clear displacement 
of the bone along its long axis indicates a stress injury is more likely than an acute injury. Therefore, we consider 
a bone stress injury as the most probable diagnosis for the pathological condition observed in SdD2, in line with 
the diagnosis by a previous study48.

Figure 1.   (a) the SdD2 fossil, a second right metatarsal with a bony callus on the distal diaphysis, interpreted 
as a stress fracture38. From left to right: dorsal, plantar, lateral, and medial views. Reference scale bar 10 mm. 
(b) the set of landmarks (large spheres) and semilandmarks (small spheres) used for the three-dimensional 
geometric morphometric analysis of the proximal epiphysis (dark blue), distal epiphysis (light blue) and 
diaphysis (purple).
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Metatarsals are one of the most common locations of stress injuries in active populations49–51, which are pre-
dominantly observed in the second and third metatarsals. Stress injuries of the second metatarsal bone typically 
occur in the distal shaft of the bone in the large majority of cases52–54.

Cross‑sectional geometry of the diaphysis
The cross-sectional geometrical properties of the distal portion of the diaphysis are influenced by the presence 
of the stress reaction (Supplementary Information Fig. S2). Nonetheless, moving proximally along the diaphysis 
from about 50% of the biomechanical length the effect of the stress reaction fades out and the geometric proper-
ties of SdD2 align with those of the comparative material. In our further analyses we considered only the portion 
between 50 and 70% of its biomechanical length, since proximally to 70% the geometrical properties seem to 
be unreliable (see Zx/Zy plot in Supplementary Information Fig. S2), possibly due to problems in segmentation.

Geometric morphometric analysis and relative cortical thickness of the diaphysis
We placed a set of n = 882 equally spaced semilandmarks as represented in Fig. 1b (purple spheres). We run a 
principal component analysis (PCA) (Fig. 3a) on the shape coordinates of the external and internal contours of 
the cortical bone after generalized Procrustes analysis on SdD2 and the comparative sample. Shape variations 

Figure 2.   (a) Three-dimensional rendering obtained from the reconstructed microtomographic volume of 
SdD2, showing the location of the frontal (b) and sagittal (c) cross sections. Reference scale bar 10 mm. The 
images confirm the presence of a bony callus without misalignment of the diaphysis, a condition compatible 
with the presence of stress reaction.

Figure 3.   (a) Scatterplot of the first two principal components (PCs) from the geometric morphometric 
analysis of the diaphysis; (b) shape variation at the PCs extremes of the most proximal (70%) and most distal 
(50%) sections (proximal view) and of the whole portion of diaphysis analysed (lateral view).
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of the most proximal (70%) and the most distal (50%) sections are shown together with the shape variation of 
the whole portion of diaphysis analysed (Fig. 3b).

PC1 (which explains 20.28% of the total variance) is related to bone thickness and diaphyseal shape. Negative 
values correspond to cross sections with thinner cortex and more triangular shape, while positive values to cross 
sections with thicker cortex and more elliptical shape. SdD2 falls distinctly out of the variation of modern humans 
and Neandertals and quite far from Homo naledi, showing the thickest cortical bone in our sample (high PC1 
values). The allometric signal for this PC is weak but statistically significant (see Supplementary Information S1).

PC2 (which explains 8.35% of the total variance) is related to the orientation of the major axis of the bone 
cross section. Negative values correspond to cross sections with a mediolaterally oriented major axis, while 
positive values to cross sections with a dorsoplantarly oriented major axis. The variability of modern humans 
encompasses that of the other groups. SdD2, as well as H. naledi and H. neanderthalensis, fall in the middle of 
the range of modern humans.

PC3 (which explains 8.33% of the total variance) is related to the distribution of the cortical bone with respect 
to the dorsoplantar and mediolateral diameters and orientation of major axis (see Supplementary Information 
Fig. S3). Positive values correspond to a more elliptical cross sections with a thinner cortex, while negative val-
ues correspond to a rounder cross sections with thicker cortical bone around the x and y axis. Modern human 
variation encompasses the entire range of variability. SdD2 and H. naledi fall at negative values in proximity of 
the mean shape.

The PCA on the colormaps of the relative cortical thickness values returns similar results (Fig. 4). The first 
three PCs account respectively for 56.13%, 9.26% and 4.15% of the total variance. PC1 is related to overall corti-
cal thickness, with positive values corresponding to higher relative cortical thickness. SdD2, together with H. 
naledi, fall out of modern human variability for PC1 and has the highest PC1 value. Neandertals and modern 
humans show relatively lower cortical thickness and are widely overlapping.

PC2 is correlated with the distribution of cortical thickness around the longitudinal axis. Negative values 
correspond to thicker cortex medially, while positive values correspond to a thinner cortex in the medial aspect 
of the bone. SdD2 has the highest PC2 value and falls out of the modern human range. Neandertals and H. 
naledi are concentrated in the upper part of the modern human distribution, partially overlapping with them.

PC3 is associated with bone distribution from the proximal to the distal portion of the diaphysis. Negative 
values correspond to a thicker cortex distally, while positive values correspond to a thicker cortex proximally. 
SdD2, Homo naledi and La Ferrassie 1 fall in the range of modern humans. Spy 23A is at the opposite extremes 
of the distribution (see Supplementary Information Fig. S4).

Proximal epiphysis
We analysed the shape of the proximal epiphysis by placing three landmarks on the articular surface and a set of 
21 semilandmarks on the external contour at the 80% of the biomechanical length (Fig. 1b, dark blue spheres). 
The results of the PCA and the shape variations are shown in Fig. 5 and Supplementary Information Fig. S5. PC1 
(42.51% of the total variance) is related to the normal range of variability of the proximal epiphysis in modern 
humans and Neandertals. Interestingly, PC2 (20.24% of the total variance) distinguishes Neandertals from other 
modern humans and fossil specimens. While modern humans, H. naledi and SdD2 share a similar morphology, 
Neandertals are characterised by a rotation of the proximal epiphysis relative to the diaphysis.

Distal epiphysis
We analysed the shape of the distal epiphysis by placing six landmarks on the articular surface and a set of 
15 semilandmarks on the articular surface (Fig. 1b, light blue spheres). The results of the PCA and the shape 
variations are shown in Fig. 6 and Supplementary Information Fig. S6. The first three PCs account respectively 
for 32.14%, 21.63% and 13.24% of the total variance. Individuals with negative values of PC1 have a relatively 
proximodistally elongated and mediolaterally narrower metatarsal head, with a lateral contour rounder; the 
lateral plantar epicondyle is more developed than the medial plantar epicondyle. Individuals with positive PC1 
values show a proximodistally less elongated and mediolaterally wider head, the medial plantar epicondyle more 
protruding plantarly and the dorsal lateral epicondyle more protruding dorsally. SdD2 and H. naledi fall at the 
negative extreme of PC1 partially overlapping with Fuegians, while Neandertals fall at the positive extreme. PC2 
describes the orientation of the head and the expansion of the lateral plantar condyle. At the negative extreme, 
the head is slightly tilted dorsally, more square in contour and the lateral and medial plantar condyles are nearly 
equally developed; at the positive extreme, the head is slightly tilted plantarly, more rectangular in contour and 
the lateral plantar condyle is more developed. SdD2 and H. naledi fall in the negative range of modern humans, 
while Neandertals fall in the positive range of modern human distribution. PC3 is mostly related to the dorsal-
plantar dimensions of the head, with negative values associated with dorsoplantarly narrower heads and positive 
values associated to dorsoplantarly wider heads. SdD2 and H. naledi fall within the variability of modern humans 
and have positive PC3 values, while La Ferrassie 2 (Homo neanderthalensis) is located at negative values (see 
Supplementary Information Fig. S6).

Discussion
Taxonomy and evolution
A previous study48 compared the second metatarsal Sedia del Diavolo 2 (SdD2) and other archaic and modern 
human fossil second metatarsals, using 13 linear measurements and indices. The author found some affinities 
between SdD2 and Neandertals, in agreement with the supposed chronology of the site in 1986. Our re-assess-
ment, using biomechanical analysis and modern morphometric techniques, does not support this hypothesis. 
In all the analyses we conducted, SdD2 never clusters with Neandertals.
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Concerning the diaphysis, Neandertals cluster with modern humans. SdD2, on the other hand, is character-
ised by an impressive thickness of the cortical bone that places it outside the variability of H. sapiens. To rule out 
the possibility that such an increase in cortical thickness was related to the stress reaction on the distal shaft, we 
analysed the geometrical properties of the shaft through CSG. Accordingly, we limited all other analyses to the 
portion of the bone with no pathological or apparent geometrical alterations. We are therefore confident that 
the extreme cortical thickness observed in SdD2 reflects the specimen’s normal, non-pathological, status. In this 
trait, SdD2 resembles other Middle Pleistocene Homo specimens, characterised by an extreme thickness in the 
postcranial cortical bone55–58 and parallel the extreme cortical thickness of the other hominin specimen found 
at Sedia del Diavolo (SdD1, central portion of a femoral diaphysis48).

Looking at the proximal epiphyseal shape, SdD2 falls, together with H. naledi, in the middle of modern human 
variability, while Neandertals are well separated along PC2. This points towards an ancestral morphology of the 
second metatarsal shared by SdD2, H. sapiens and H. naledi. Conversely, Neandertals have a derived morphol-
ogy, characterised by a different orientation of the proximal epiphysis relative to the diaphysis. This is consistent 
with the hypothesis that Neandertal foot evolved some derived features, possibly related to functional or ana-
tomical specialisation, as also suggested by other studies59,60. Also, the analysis of the distal epiphysis indicates 

Figure 4.   (a) scatterplot of the first two principal components (PCs) from the principal component analysis 
of the relative cortical thickness along the diaphysis (from 50 to 70% of biomechanical length); (b) colormap 
variations of relative cortical thickness.
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differences between SdD2 and Neanderthals. SdD2 consistently falls on one side of the plots, next to modern 
human hunter-gatherers, while Neanderthals occupy the opposite extreme of the shape space (Fig. 6 and Sup-
plementary Information Fig. S6). Previous studies60 did not observe major differences between Neanderthals and 
modern humans second metatarsals, possibly because they relied on linear measurements that cannot describe 
the relative position in the space between the diaphysis and epiphysis.

Figure 5.   (a) scatterplot of the first two principal components (PCs) scores from the PCA of the shape analysis 
conducted on the proximal epiphysis; (b) shape variations of the whole metatarsal, obtained by warping the 
surface of SdD2 on the extreme values of the first two PCs scores.

Figure 6.   (a) scatterplot of the first two principal components (PCs) scores from the PCA of the shape analysis 
conducted on the distal epiphysis; (b) shape variations of the distal epiphysis metatarsal, obtained by warping 
the surface of SdD2 on the extreme values of the first two PCs scores.
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In summary, SdD2 has an archaic morphology, characterised by thick cortical bone and absence of some of 
the derived features typical of H. neanderthalensis. An archaic morphology lacking Neandertal-derived traits is 
seen, for other skeletal regions, in other Middle Pleistocene fossils such as Ceprano, and Mauer29–31,33, usually 
clustered into H. heidelbergenis. According to our interpretation, Sedia del Diavolo is among the latest evidence 
of fossils lacking Neandertal traits in the European Middle Pleistocene29, being dated to the beginning of MIS 
8 (295–290 ka).

Ecology and lifestyle
The human fossils from Sedia del Diavolo are associated with a clear Levallois technocomplex7. The new chronol-
ogy, at the beginning of MIS 87,39, makes Sedia del Diavolo the oldest hominin-bearing site yielding Levallois. 
Levallois (or Mode III) technology was widespread during the Middle Pleistocene in Africa and Eurasia. It is a 
defining feature of many Middle Palaeolithic and Middle Stone Age cultures7,61. In Europe, it is usually associated 
with Neandertals and in Africa with H. sapiens, though other species could have produced Levallois technocom-
plexes in eastern Asia62. Different hypotheses exist about the emergence of Levallois, implying either replacement 
of, or evolution from earlier lithic technologies63. Some authors suggested that the origin and spread of Levallois 
must be related to the dispersal of H. heidelbergensis64, while others proposed a multiregional evolution from 
previous lithic technologies63,65. Our analysis, which shows lack of affinities between SdD 2 and Neandertals, 
may suggest that European Levallois is not a prerogative of Neandertals and may therefore be associated in its 
early occurrences with other species, such as H. heidelbergensis. However, this does not necessarily mean a phy-
logenetic link between species and technologies. Indeed, in lithic technologies, phylogeny is a weak constraint, 
while mechanical, economic and ecological constraints are more important66.

Perhaps, the most intriguing clue into the lifestyle of Middle Pleistocene hominins is offered by the presence 
of a stress reaction on SdD2. In modern humans, the main cause of bony stress injuries is repetitive physical 
forces without adequate rest54 and these represent 3.7% of all sport-related injuries52. Metatarsal stress injuries 
are multifactorial and depend on biomechanical, anatomical, hormonal, and nutritional factors67. Pathological 
conditions affecting bone density, such as osteopenia and osteoporosis, increase the risk of developing stress 
injuries68,69. However, these conditions can be excluded from the microtomographic images of SdD2. On the 
other hand, training load is important, as indicated by the high prevalence of bony stress injuries in populations 
who undertake high volumes of weight-bearing activity (e.g.,70,71). Distance runners who train over 20 miles per 
week are particularly prone to metatarsal injuries72,73.

In the fossil record, we are aware of only two other metatarsal bone stress injuries, both on a fourth metatarsal. 
One is ATD6-124 from Gran Dolina74; the other is AT-534 from Sima de los Huesos75. All the metatarsal stress 
injuries available in the fossil record are dated between ~ 1 and 295 ka, during a period when, compared to later 
periods, the fossil record is relatively scarce.

This fact supports high physical activity levels, in particular walking and running, in the first representa-
tives of the genus Homo in Europe. This is consistent with the endurance running hypothesis76,77. Following 
this hypothesis, endurance running had a central role in the evolution of our genus76,78. The capability of the 
members of the genus Homo of walking/running long distances may have helped in exploiting carcasses in the 
savannah in an early phase, and later allowed persistence hunting. Persistence hunting is a hunting technique 
still used by modern hunter-gatherers78, who run down prey chasing them during the hottest hours of the day, 
exploiting the human’s more efficient heat dissipation system (sweating vs. panting)77. Persistence hunting may 
be an explanation for the high prevalence of metatarsal stress injuries among the Early and Middle Pleistocene 
hominins and may indicate high levels of activity patterns of the species to which SdD2 belonged.

Conclusion
Our re-assessment of the Sedia del Diavolo second metatarsal (SdD2) provides new evidenceon the evolution 
and ecology of Homo in Europe during the Middle Pleistocene. Though postcranial bones are not the ideal ele-
ment for phylogenetic assessments, our analyses suggest that SdD2 does not belong to Homo neanderthalensis, 
a species characterised by a derived morphology of the second metatarsal. Instead, SdD2 exhibits a more archaic 
morphology with an extremely thick cortical bone. These observations, when interpreted within the context of 
the available fossil record, may suggest, the co-existence of at least two hominin clades in the Italian Peninsula 
during the beginning of marine isotope stage (MIS) 8.

Importantly, the Sedia del Diavolo site offers the oldest association of a hominin and Levallois technology, 
possibly challenging the long-held belief that only Neandertals produced Levallois in Europe. Additionally, the 
presence of bony stress injuries in the SdD2 specimen and their relatively high prevalence in the Early and Mid-
dle Pleistocene assemblages are consistent with the hypothesis of persistence hunting as a common technique 
among early members of the genus Homo.

Materials
The comparative sample includes 34 right and left metatarsals from modern humans and fossil hominins. The 
modern human sample consists of 24 s metatarsals from the Imperial Roman rural site of Velia (1st to second 
century AD), which are housed at the Museo delle Civiltà in Rome, and 6 s metatarsals belonging to Fuegian 
hunter-gatherers who died in the nineteenth century, which are housed at the Museum of Anthropology and 
Ethnology in Florence79. Fossil hominins include one right second metatarsal of Homo naledi (U.W. 101-1458)80 
and three left second metatarsal of Homo neanderthalensis (La Ferrassie 1, La Ferrassie 2 and Spy 23-A)81,82.
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Methods
Acquisition and reconstruction of X‑ray microtomographic data
The SdD2 sample has been imaged by X-ray micro-computed tomography (microCT) using the FAITH instru-
ment custom-developed at the Elettra synchrotron facility in Basovizza (Trieste, Italy). The instrument is based on 
a sealed microfocus X-ray source (Hamamatsu L12161-07) coupled, for this measurement, to a flat panel detector 
(Hamamatsu C11701DK-40, 2192 × 1776 pixels, 120 µm × 120 µm pixel size, active area of 265 mm × 215 mm). 
The parameters used for the imaged samples were: voltage = 110 kV, current = 106 µA, filter = 0.1 mm Cu, focal 
spot size = 20 µm, source-to-sample distance = 175 mm source-to-detector distance = 600 mm, exposure time per 
projection = 0.2 s, angular step = 0.2 degrees, total scan angle = 360 degrees. These settings corresponded to an 
effective pixel size of 35.0 × 35.0 µm2. Tomographic reconstructions were performed using the software Nrecon 
1.7.0.4 (Bruker, USA) and an isotropic voxel size of 35 µm.

For the comparative sample, the H. naledi MT was CT scanned at the Johannesburg Hospital (Johannesburg, 
South Africa) on a Philips Brilliance 16P medical CT scanner (Philips Healthcare, Andover, MA); pixel dimen-
sions 0.98 × 0.98 mm, voltage 120 kV. The Neandertal MT CT scans were CT scanned at the Muséum National 
d’Histoire Naturelle of Paris (France) on a Mercury medical CT scanner, pixel dimensions 0.185 × 0.185 mm, 
voltage 120 kV. The Fuegian material were CT scanned at the Santa Maria Nuova Hospital (Florence, Italy) on a 
Siemens Somatom medical CT scanner; pixel dimensions 0.416 × 0.416 mm, voltage 120 kV. The Velia MT CT 
scans were CT scanned at the Ospedale Santo Spirito (Rome, Italy) on a Philips Achieva D-Stream 1,5 T medical 
CT scanner, pixel dimensions 0.2135 × 0.2135 mm, voltage 120 kV.

Bone orientation
We virtually oriented each metatarsal defining a set of x, y, z axes with the origin at the central point of the distal 
articular surface, the x-axis parallel to the dorsal surface of the distal epiphysis, the y-axis oriented toward the 
plantar surface, and the z-axis passing by the central points of the proximal articulation and the most distal 
point of the distal articulation, following previous works83,84. The bone biomechanical length has been calculated 
between the most extreme points laying on the z-axis83,84, and we set 0% and 100% to the distal and proximal 
ends, respectively, following the standard in CSG studies85. The Spy 23-A metatarsal was incomplete, lacking the 
distal epiphysis. We estimated its biomechanical length using La Ferrassie 1 as reference86. Since the comparative 
sample includes metatarsals of both sides, all left metatarsals have been mirrored.

Cross‑sectional geometry
We analysed the portion of the diaphysis from 20 to 80% of the biomechanical length. We extracted 61 cross 
Sects. (1% increments from 20 to 80%) and calculated cross-sectional geometric (CSG) properties using the R 
package “morphomap” vers. 1.287. The CSG properties analysed are: percent of cortical area (CA%), polar sec-
tion modulus (Zp) as an overall measure of diaphyseal strength, section modulus about the mediolateral axis 
(Zx) as dorsoplantar bending strength, section modulus about the dorsoplantar axis (Zy) as mediolateral bending 
strength, and the ratio Zx/Zy as a shape index of the section88. We standardized the section modulus dividing it 
by [(mediolateral diameter × dorsoplantar diameter) × biomechanical length], following Ruff88.

Geometric morphometrics
We defined three geometric morphometric datasets on the diaphysis and the proximal epiphysis (Fig. 1b). The 
first dataset is defined by 21 cross sections along the diaphysis between the 50% and 70% of the biomechanical 
length. At each cross section, we defined 21 equiangular semilandmarks on the external and on the internal 
outline of the cortical bone for a total of 882 semilandmarks. We performed generalized Procrustes analysis 
(GPA) translating, rotating and scaling the 35 semilandmark configurations (shape space). Subsequently, we 
performed a principal component analysis (PCA) on the shape variables, removing an outlier (Velia 113), and 
we calculated the shape variations along extreme range values of the first three principal component (PC) scores. 
The semilandmark configurations have not been slid since they are equiangular semilandmarks and not surface 
semilandmarks86.

The second dataset describes the shape of the proximal epiphysis and is defined by placing three anatomical 
landmarks at the three vertices of the articular facet and 21 equiangular semilandmarks on the outer surface of 
the diaphysis at the 80% of the biomechanical length. We performed GPA translating, rotating and scaling the 
35 configurations (shape space). We analysed the aligned configurations by means of PCA. The configurations 
calculated at the extreme values of the first three PC scores have been used to create surface warping illustrating 
the shape variations.

The third dataset describes the shape of the distal epiphysis and is defined by six landmarks and 15 evenly-
spaced semilandmarks on the articular surface. The six landmarks are type II landmarks described in a previous 
work89: (1) the most medially protruding point on the medial epicondyle; (2) the most plantarly projecting point 
on the medial plantar condyle; (3) the dorsal most point on the dorsal surface of the MT articular surface; (4) the 
most distally projecting point on the MT head; (5) the most laterally protruding point on the lateral epicondyle; 
(6) the most plantarly projecting point on the lateral plantar condyle. Spy 23A was excluded from the analysis 
because its distal epiphysis is missing. We performed GPA translating, rotating, and scaling the 34 configuration 
(shape space). The configurations calculated at the extreme values of the first three PC scores have been used to 
create surface warping illustrating the shape variations.

Relative cortical thickness
We extracted 13 cross sections along the diaphysis between the 53% and 65% of the biomechanical length 
from each metatarsal. At each cross section, we defined a centre of gravity of the cross section and 21 paired 
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equiangular semilandmarks on the external and on the internal outline of the cortical bone. We calculated the 
relative cortical thickness (Rcti) corresponding to each pair of semilandmarks (i) computing the ratio of the 
cortical bone thickness (Cti) over the distance between centroid and outer surface (ri), Rcti = Cti

ri
 . The diaphysis 

is unrolled in a bi-dimensional matrix from the lateral margin towards the plantar direction [lateral (L) - plantar 
(Pl) - medial (M) - distal (D) - L]. Each matrix of cortical thickness is defined by 13 rows and 21 columns. The 
set of 35 matrices has been analysed by PCA, to evaluate variation in relative cortical thickness among samples. 
We calculated the relative cortical thickness at the extreme values of the first three PCs represented by colormaps.

Data availability
All data needed to evaluate the conclusions of the paper are present in the article and Supplementary Data S1. 
Data and R code are available at https://​doi.​org/​10.​5281/​zenodo.​10655​43790.
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