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Homo erectus has long been considered the earliest hominin 
species to show a stature and overall body shape similar to 
anatomically modern humans (Homo sapiens)1–5, a hypoth-

esis that originated with the discovery of the 1.5 Ma juvenile  
H. erectus skeleton KNM-WT 15000, known also as the Turkana or 
Nariokotome boy1,2. The length and proportions of the KNM-WT 
15000 limb bones, estimated stature and pelvic morphology were 
interpreted as modern human-like3,4. A tall and narrow body in  
H. erectus would reflect important evolutionary changes in hom-
inin palaeobiology involving modifications in body energetics, 
locomotion, ranging and subsistence behaviour (endurance loco-
motion) in relation to changing environmental conditions and 
subsistence strategies6–10. However, the discovery and subsequent 
study of additional postcranial material attributed to H. erectus and 
to Middle Pleistocene Homo11–18, coupled with recent estimations 
of the adult stature of KNM-WT 1500019–21, have challenged the 
hypothesis that modern human body shape had already evolved in 
H. erectus16,21,22. Indeed, some have suggested that the stocky, wide 
bodies of members of the Neanderthal lineage are primitive fea-
tures within the genus Homo that were inherited from and shared 
with H. erectus15–18. If this interpretation is correct, the narrow and 
lighter bodies of anatomically modern humans would be uniquely 

derived within the genus Homo with a recent evolutionary ori-
gin4,11,15–18. Because of the implications of body shape for locomo-
tor economy and subsistence behaviour6–8, testing whether modern 
human body shape has a deep or recent evolutionary history has 
important implications for the origin of Homo and for understand-
ing the palaeobiology of H. erectus4,5,22.

The thoracic region is an important aspect of body shape because 
its proportions affect trunk height and width and it is tightly inte-
grated with the pelvis within the torso23, yet its evolution in the 
hominin lineage is not well understood24,25. In fact, until recently it 
was thought that Australopithecus possessed funnel-shaped thora-
ces similar to those of great apes, which contrast with the barrel-like 
rib cages of the genus Homo, including H. erectus, Neanderthals and 
modern humans3,26. However, these initial findings have been con-
tested and recent research and new fossil discoveries indicate that 
the evolution of the thorax was more complex than suggested by 
this simple scheme16–18,24–27.

The musculoskeletal anatomy and respiratory mechanics of 
the thorax contribute to lung ventilation that provides the organ-
ism with oxygen for energy production. The biomechanics of the 
respiratory muscles (inspiratory intercostal muscles, diaphragm 
and accessory respiratory muscles) depend to a certain extent on 
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rib and thorax anatomy and geometry28. Ribs with greater torsion 
slope inferiorly and result in a flatter rib cage than those with little 
or no torsion27,29. Inferiorly sloping ribs of a shallow thorax can be 
elevated more effectively by the inspiratory muscles than the more 
horizontally oriented ribs of a deep thorax. Therefore, it was pro-
posed that the costal kinematics of deep rib cages are less efficient 
during inspiration due to their more limited expansion in a superior 
direction than in a flat thorax30. Also, any change in thorax con-
figuration (flatter or deeper) may alter the balance of the workload 
between the diaphragm16,28,31,32 and intercostal muscles28,31. In fact, 
recent research has focused on rib mobility and its importance for 
thoracic ventilatory function33. Aspects of costovertebral joint mor-
phology were used to infer thorax mobility, and no differences in rib 
joint morphology between H. erectus and H. sapiens were found33; 
therefore, similar thoracic mobility and respiratory function have 
been assumed.

In this context the KNM-WT 15000 thorax, which is the earli-
est and most complete known for an early member of the genus 
Homo, is crucial because its anatomy is informative not only about 

body shape, but also potentially about respiratory function and 
development. Initially, the KNM-WT 15000 thoracic vertebrae 
were described as “strikingly similar to humans in nearly all sig-
nificant aspects”34, despite certain differences in the orientation 
of the spinous processes. The ribs were also found to be almost 
indistinguishable from those of modern humans, in particular 
with regard to rib torsion3,34. However, the thorax is a complex 
anatomical structure and, in KNM-WT 15000, the ribs and ver-
tebrae can be articulated to assess overall thorax shape. A further 
complication is that the discovery of additional vertebral and rib 
pieces suggested a different anatomical position of the lower ribs 
and vertebrae of KNM-WT 1500035 than that originally proposed, 
potentially affecting thorax shape. Finally, KNM-WT 15000 was 
a juvenile individual1 and, as rib and vertebral anatomies change 
throughout ontogeny36, its thorax shape may not fully represent the 
adult H. erectus morphology.

We reconstructed and analysed the ribs and thoracic vertebrae 
(see Methods, Extended Data Figs. 1 and 2 and Supplementary 
Tables 1–5) to produce a quantitative virtual three-dimensional 
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Fig. 1 | Virtual quantitative 3D reconstruction of the KNM-WT 15000 thorax. a, Frontal view of the reconstructed KNM-WT 15000 thorax, together 
with lumbar spine and the original pelvis reconstruction. Original fossils are combined with virtual 3D models (coloured grey) to indicate missing or 
insufficiently preserved fossil thorax remains. Lumbar spine (original fossils) and pelvic remains (casts) are shown to illustrate the thorax in the anatomical 
context of the torso. Please note that our results are consistent with previous studies suggesting that this pelvic reconstruction is wrong, and that it was 
probably wider11,12. b, Left lateral view of KNM-WT 15000 showing the considerable anteroposterior depth of the rib cage due to the long ribs and their 
absence of torsion. Note the vertically short spine with the horizontal projection of the spinous processes of the thoracic vertebrae. c, Cranial view of 
KNM-WT 15000 showing the invaginated spine relative to the posterior part of the rib cage. d, Posterior view. The spaces at the eighth level are due to 
missing rib head and necks.
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(3D) reconstruction of the thoracic spine and rib cage of KNM-WT 
15000 (Fig. 1). We also used growth simulations based on modern 
humans (see Methods) to predict the thorax shape of a hypothetical 
adult H. erectus. To address the null hypothesis that the thorax of 
H. erectus did not differ from that of H. sapiens, we used geometric 
morphometrics36 to compare both the actual (juvenile) KNM-WT 
15000 reconstruction and the estimated adult thorax with an onto-
genetic sample of modern human juveniles (M2 erupted) and 
adults. We then compared our 3D thorax reconstructions with the 
most recent reconstruction of the Kebara 2 Neanderthal thorax18 to 
address the hypothesis that Neanderthals shared a primitive thorax 
and body morphology with H. erectus11,18. Finally, we carried out 
virtual experiments to better understand the functional capacities of 
KNM-WT 15000 thorax reconstruction. Specifically, we simulated 
the breathing kinematics of the costovertebral joints in H. erectus 
and compared these with experimental data collected on modern 
humans. This analysis addressed the null hypothesis that breathing 
kinematics and mobility of the thorax of H. erectus did not differ 
from that of H. sapiens33 (see Methods).

Results and discussion
The KNM-WT 15000 juvenile thorax (Fig. 1) is significantly larger 
(centroid size, 2,741.1) than the modern human juvenile mean (cen-
troid size, 2,438.1; t = −3.436, P < 0.01; Supplementary Table 6), and 
it also differs significantly in 3D shape (Procrustes distance = 0.16, 
P < 0.001). This finding contrasts with previous observations3,34 and 
not only follows from the addition of the newly identified skele-
tal pieces35 but is also a consequence of the combined effect of the  

differences in the 3D shapes and sizes of KNM-WT 15000 vertebrae  
and ribs more broadly. Although 3D shape analysis of the thoracic 
vertebrae (Fig. 2) revealed more similarities to juveniles than to adults 
of H. sapiens, the KNM-WT 15000 vertebrae are supero-inferiorly 
shorter and with more dorsally oriented transverse processes 
than those of juvenile modern humans. The overall 3D virtual 
reconstruction of the thoracic spine is likewise supero-inferiorly 
shorter than in modern human juveniles, but the observed thoracic 
kyphosis (58°) is within the range of modern human juveniles (see 
Extended Data Fig. 1, Supplementary Methods and Supplementary 
Table 6). Additionally, the KNM-WT 15000 ribs differ in 3D shape 
from the modern human comparative samples, showing less torsion 
and shorter craniocaudal shaft height (Fig. 3 and Extended Data 
Fig. 2). Together, these factors account for much of the size and 
shape differences observed between the modern human reference 
sample and KNM-WT 15000 rib cage reconstructions.

Comparison of fossil rib cage reconstructions with an onto-
genetic sample of modern humans was performed with principal 
component analysis (PCA) (Fig. 4). These results show that both 
the KNM-WT 15000 juvenile and adult thorax reconstruction have 
considerably greater width and anteroposterior depth than mod-
ern humans, both absolutely and relatively (Supplementary Tables 
6 and 7). The wider Kebara 2 Neanderthal rib cage is also outside, 
but close to, the 95% confidence ellipse of the modern human sam-
ple (Fig. 4), supporting suggestions that the wide, deep thorax of 
Neanderthals is a primitive feature within genus Homo and shared 
with H. erectus16–18, despite recent suggestions about the potentially 
modern human-like spinal curvature of Neanderthals37. Mean  
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Fig. 2 | PCA of thoracic vertebral shape. a, PC2 scores (24.4% of total variance) reflect interspecific differences, including relatively ‘vertically’ shorter 
vertebral bodies and more horizontally oriented spinous processes in KNM-WT 15000 than in modern human means. b, PC3 scores (12.9% of total 
variance) show relatively longer and more dorsally oriented transverse processes, relatively smaller neural canals and shorter vertebral body heights in 
KNM-WT 15000 than in modern human means. PC1 reflects serial variation. Note that the PC2 scores of KNM-WT 15000 vertebrae are closer to H. 
sapiens juveniles than to adults. Red arrows and red lines indicate the most important morphological differences.
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thorax 3D shape comparisons support this interpretation (Extended 
Data Fig. 3). The greater relative anteroposterior depth of the thorax 
of KNM-WT 15000 (juvenile and hypothetical adult) is also seen in 
the Kebara 2 Neanderthal and differs systematically from the rela-
tively anteroposteriorly flat rib cage of modern humans.

Figure 5 also shows that the thoracic region of the KNM-WT 
15000 vertebral spine is shorter relative to the width and depth of 
the rib cage, which affects overall stature (Supplementary Table 6). 
Earlier studies proposed that smaller KNM-WT 15000 vertebral 
height could be due to pathology19, but more recent research has 
rejected this interpretation38. Our analyses also show shorter cra-
niocaudal rib shaft heights (Fig. 3) and rounded shafts, a primi-
tive rib morphology24,29 that corresponds with relatively smaller 
vertebral body height (Fig. 2). This systemic pattern is additional 
evidence against a pathological condition in the KNM-WT 15000 
vertebral spine.

Most importantly, PCA (Fig. 4) and mean shape comparisons 
(Extended Data Fig. 3) suggest that the anteroposteriorly flat tho-
rax is unique to H. sapiens and is produced by the combination of 
rib torsion and declination3,24,26,29 (Fig. 3), and by the more lateral 
orientation of the transverse processes of the thoracic vertebrae  

(Fig. 2). These results suggest a recent evolutionary origin of the 
modern human thorax and body shape.

The wider thorax of KNM-WT 15000 is consistent with the 
suggestion that the pelvis of this individual was wider11,12 than the 
narrow, modern human-like pelvis of the initial reconstruction2. 
Although experimental research has shown that pelvic width does 
not affect energetic costs of locomotion in modern humans39, tho-
racic width and depth might be important for respiratory function 
with possible implications for energetics.

Our functional simulations indicate significant differences in 
the breathing pattern of the KNM-WT 15000 juvenile when com-
pared with the human reference sample. Despite the use of mod-
ern human parameters (angles, ranges of motion) of costovertebral 
mobility33,40,41 in the breathing kinematic simulation (Fig. 6a and 
Supplementary Video 1), the upper rib cage of the KNM-WT 15000 
juvenile produces a significantly greater functional size (38.14; see 
Methods)32 than the modern human mean (14.5; t = 2.92, P < 0.01; 
Fig. 6b). These findings provide experimental support for the previ-
ously suggested16 elevated ventilatory capacity in KNM-WT 15000, 
based on morphological considerations. The greater functional size 
differences are also linked to a statistically significantly different 
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Fig. 3 | PCA of rib shape. a, Interspecific shape differences in the craniocaudal diameter of rib shafts (PC5: 1.3% of total variance); KNM-WT 15000 
shows smaller shafts craniocaudally than in juvenile and adult modern human means. b, Interspecific shape differences in rib torsion, which elevates 
vertebral ends and declines sternal rib ends in a caudal direction (PC6: 1.2% of total variance). KNM-WT 15000 ribs show much less torsion than human 
means, and sternal rib ends are not declined caudally. PC1–4 reflect major features of variations related to seriality, ontogeny, geographic origin and other 
intraspecific features of variation (somatotype). The first ribs are very different from the remainder and were not included in the PCA, to reduce noise.
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pattern of kinematic thoracic shape change (α = 55.8°, P < 0.001), 
indicating a strong mediolateral component in respiratory expan-
sion in the H. erectus thorax (Fig. 6c). This different pattern is prob-
ably due to lever mechanics and the combined effects of different 
rib and vertebral morphologies and individual movements at each 
of the seven articulated thoracic levels. In spite of identical angles 
and ranges of motion used for simulations in the costovertebral 
joints33,40,41, the long ribs of H. erectus3 with their low torsion (Fig. 3) 
produce individual trajectories during movement that differ from 
those of modern humans (Fig. 6c). Considering all seven individ-
ual true rib motions together at the level of the upper thorax32, the 
cumulative effect probably accounts for the kinematic shape differ-
ences shown in Fig. 6c.

However, lesser supero-inferior thorax motion in H. erectus  
compared to H. sapiens indicates less cranial expansion and a 
potential alteration in the contribution of the inspiratory intercos-
tal muscles, which has been considered a less advantageous way 
of breathing16,28,30–32. In the H. erectus thorax, greater mediolateral 
expansion means a change in balance between the diaphragm and 
other inspiratory muscles and may be related to a modification of 
muscular demand. Nevertheless, from a volumetric point of view, 
the large functional size of the KNM-WT 15000 thorax (Fig. 6b) 
may compensate for modification of the respiratory muscles’ effi-
ciency and coordination.

Breathing function and biomechanics are, however, very com-
plex, interacting mechanisms that are also dependent on other fac-
tors that are difficult to reconstruct in fossils (the position of muscle 

insertions and muscle fibre orientation, location and orientation 
of the articulation axis, the stabilization function of the intercostal 
muscles and so on42,43). The implications of differences in intercostal 
and diaphragmatic contributions to breathing kinematics and body 
energetics are not clear and require more research.

The morphological and functional anatomical results presented 
here conform to high estimates of total lung capacity for KNM-WT 
15000 (Supplementary Table 6) and, considering the relationship 
between lung capacity and body mass44–46, support previous sugges-
tions of larger body mass in H. erectus47,48. Recent work estimated 
76–80 kg for adult KNM-WT 1500047,48 and proposed estimates as 
high as 88 kg and 90 kg in some other adult H. erectus individu-
als48. Body mass is clearly functionally relevant for body energetics 
and locomotor performance7 because greater mass requires more 
muscle energy in locomotion, simply due to the amount of force 
required to support and move body weight7,49, and scales positively 
with heat generation50,51. The greater functional size of the thorax 
and lung capacity (Supplementary Table 6) of KNM-WT 15000 may 
compensate for possible functional disadvantages in locomotion 
due to its heavier body structure20,21,47,48.

Figure 4 proposes that the KNM-WT 15000 H. erectus rib cage 
is more similar to the Kebara 2 Neanderthal than it is to H. sapiens, 
suggesting a closer similarity with the former in respiratory mechan-
ics and function. This finding is surprising because recent studies of 
Neanderthals52, based on functional genetics53, palaeo-ecology52 and 
foot anatomy49, suggest that their larger trunk and shorter relative 
limb proportions were adaptations to a power mode of locomotion 
rather than to climate, and were related to ambush hunting52 rather 
than to persistence hunting associated with endurance running6–8. 
These latter interpretations are also compatible with the capacious 
rib cage16–18 and lung capacity estimates54 for Neanderthals and their 
higher muscularity and overall body mass11,15,51,54–56. Thus the greater 
similarities of the KNM-WT 15000 thorax morphology (Fig. 4) and 
lung capacity estimate (9.1 l; Supplementary Table 6), as well as pel-
vic11–14 and possibly overall body shape20,21, to heavy-bodied homi-
nins of the Neanderthal lineage11,15 might indicate that H. erectus 
did not have the body shape of a tall, slender, lean agile endurance 
runner. Clearly, more research is necessary into the relationship of 
respiratory and locomotor biomechanics and function in humans.

Our analyses, based on the first quantitative 3D reconstruction 
of the KNM-WT 15000 thorax, suggest that the rib cage of H. erectus  
was wider, shorter and deeper than that of modern humans. We 
suggest that this thorax morphology, and possibly a wider pelvis and 
overall torso11,12, represented the primitive condition for fossil hom-
inins11–18,47,48. This implies a more recent origin for the fully modern 
human body shape4,11 potentially achieved in multiple steps, first 
with the longer legs and taller body of early Homo4,9,21,57 and then, 
later, with the evolution of the narrow torso and relatively flat rib 
cage of H. sapiens.

Methods
3D analyses and reconstructions of KNM-WT 15000 ribs and vertebrae. The 
original ribs and vertebrae of the KNM-WT 15000 skeleton were scanned in 
Nairobi by computed tomography (CT) with a Siemens Sensation 16 clinical 
scanner (slice thickness, 0.75 mm; voxel size, 0.21 × 0.21 × 0.30 mm3). The data 
were segmented in Mimics 8.0, and virtual 3D reconstructions of the fossils were 
obtained based on anatomical criteria, mirror imaging and the serial patterns of 
shape change58 in metameric ribs and vertebrae. The new and recently described 
additional rib fragments of KNM-WT 1500035 were surface scanned using a 
PT-M4c surface scanner (Polymetric, www.polymetric.de), which has a lateral 
resolution of up to 0.02 mm and a maximum depth resolution of 0.004 mm; also 
used was high-resolution Artec Space Spider handheld scanning equipment (www.
artec3d.com).

A large comparative osteological sample of ribs 1–12 (n = 413) and thoracic 
vertebrae 1–12 (n = 419) from juveniles (M2 erupted; n = 15) and adults (10 males, 
10 females) of sub-Saharan African and European origin was scanned using a 
high-resolution Artec Space Spider handheld scanner (www.artec3d.com) at the 
osteological collection of the Legal Medicine Department of the Complutense 
University Madrid, the Anthropological Institute of the University of Coimbra and the 
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shows slightly increased relative width and depth and stronger kyphosis 
(curved thoracic spine). The relatively shallow and narrow thoraces of H. 
sapiens are unique (and probably derived) due to their greater rib torsion and 
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Dryas Octopetala Investigation Centre, Coimbra, as well as 3D reconstructions of CT 
scans from the University of Witwatersrand, South Africa (Supplementary Table 1).

The scans were reconstructed to generate virtual 3D models for 3D geometric 
morphometric (3D-GM) analyses59 and for quantitative reconstruction58 of 

individual fossil vertebrae and ribs. The details of how individual fossil ribs and 
vertebrae were reconstructed are provided in Supplementary Tables 2 and 3 and 
Supplementary Methods. 3D morphology of the ribs and vertebrae was measured 
by landmarks and semi-landmarks60 using Viewbox 4.0 (www.dhal.com). The rib 
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Fig. 5 | Scatter plots of maximum widths, depths and heights of KNM-WT 15000 (actual and estimated adult) H. erectus compared to juvenile and adult 
modern humans and Kebara 2 Neanderthal. a, Depths and widths plot showing that H. sapiens is smaller than fossil hominins. KNM-WT 15000 depth falls 
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template, consisting of 52 landmarks and semi-landmarks, collected information 
about rib curvature, torsion, thickness and length61 (Extended Data Fig. 4). The 
vertebrae template, consisting of 119 landmarks and semi-landmarks58,62, collected 
information on the outline shape of the vertebral body and neural canal, and on the 
orientation, length and height of the transverse and spinous processes (Extended 
Data Fig. 4). Semi-landmark data were slid and re-slid in Viewbox 4.0 software 
to the Procrustes sample average following standard procedures59,60,63, and then 
subjected to a generalized Procrustes superimposition (GPA) followed by PCA59. 
These 3D-GM analyses were carried out using MorphoJ (https://morphometrics.
uk/MorphoJ_page.html) for statistics, and EVAN-toolkit (www.evan-society.org)  

for landmark-driven 3D mesh warping and visualization63. We used PCA to 
compare KNM-WT 15000 original fossils with modern humans in the context 
of ontogenetic changes and seriality3. Rib analyses focused on 3D curvature and 
torsion, while the comparative analyses of vertebrae explored overall 3D geometry 
and the orientation and length of the transverse and spinous processes1,34.

Virtual reconstruction and assemblage of the full KNM-WT 15000 thorax. The 
KNM-WT 15000 thorax was reconstructed in two stages. In the first stage, the 
3D-reconstructed thoracic vertebrae of KNM-WT 15000 were virtually assembled 
to build an anatomically correctly aligned thoracic spine using identification of the 
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Fig. 6 | Functional simulation of respiratory kinematics. a, Modern human rotation axes located at the corresponding locations of ribs 1–7 (landmarks, 
rib 3D models 1, 3, 5 and 7 are shown). b, Functional size of the KNM-WT 15000 breathing kinematic simulation compared with the range derived from 
the respiratory experiment for the modern human male sample. Note that both functional size values of KNM-WT 15000 ribs are outside the range 
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vertebrae according to Haeusler et al.35 (Extended Data Fig. 1 and Supplementary 
Methods). We followed methods guided by the morphology of adjacent articular 
facets and vertebral bodies64–66. Specifically, these methods searched for maximum 
overlap of the articular facets, maximum alignment between adjacent vertebrae 
and a smooth and anatomically correctly aligned curvature of the anterior surfaces 
of the bodies64,65. In addition, we incorporated space for the intervertebral discs, 
avoided an overlap between adjacent vertebrae66 and preserved kyphosis, which is 
an important feature of the thoracic spine25,34,36,67.

The accuracy of the assembled vertebrae was validated by producing three 
reconstructions of four different modern human thoracic spines. The CT scans of 
four different modern human thoracic spines were segmented in Mimics 8.0, and 
their thoracic vertebrae were isolated. After segmentation, each thoracic column 
was reassembled following the same criteria and methods65,66 as in the assemblage 
process of the KNM-WT 15000 thoracic vertebrae. Virtual assemblages of 
the four thoracic spines were carried out in lhpFusionbox software (http://
lhpfusionbox.org/), three times and independently, by two researchers (A.R.-L., 
B.B.). This procedure generated a dataset of n = 24 reconstructed spines that was 
compared with the corresponding original thoracic spines using 3D-GM. The 
108 3D landmarks were measured on each spine using Viewbox 4.0. To exclude 
any error due to landmark measurement in the validation experiments of the 
reconstructions, we first measured 3D landmarks on each of the vertebrae (nine 
landmarks per vertebra, 9 × 12 = 108 landmarks in the complete thoracic spine), 
and the positions of these landmarks were not further modified during the virtual 
alignments.

The original thoracic vertebral columns were compared with the reassembled 
ones using GPA, PCA and cluster analysis. Although these analyses showed 
that the reconstruction of a given spine was always closest to the original 
thoracic spine, the validation process also identified systematic reconstruction 
bias that underestimated the thoracic kyphosis of the reconstructed thoracic 
spine (Extended Data Fig. 5). Therefore, we extracted a 3D correction vector 
that transformed the 3D mean shape of the reconstructed thoracic spines into 
the 3D mean shape of the original thoracic spines, and applied this correction 
vector to the virtual KNM-WT 15000 thoracic spine reconstruction. After this 
correction, the thoracic spine of KNM-WT 15000 was slightly more kyphotic than 
previously reconstructed. We also predicted the kyphosis angle using published 
regression models68 and published measurements on KNM-WT 15000 vertebrae1 
(Supplementary Tables 4 and 5). Finally, textured 3D scans of the original fossils 
were aligned to the 3D-GM-corrected virtual 3D model, which resulted in the 
thoracic spine shown in Extended Data Fig. 1.

The second stage of reconstruction of the virtual full thorax involved attaching  
the ribs to the corrected thoracic spine, taking into account (1) distances in the  
costo-transverse joint between ribs and transverse processes and (2) the 
requirement for homogenous curvature at three rib locations (costal angles,  
posterior-most part of the rib shaft and sternal ends). Distances in costo-transverse 
joints were measured between the bony rib heads and bodies, and between the 
rib tubercles and transverse processes of the thoracic vertebrae in anatomically 
correct rib cages of the juvenile soft-tissue thorax sample. The average, 5 mm, was 
initially used for all costo-transverse joints of the reconstructed fossil (except at 
costal level 8, where no rib heads and necks were preserved). Ribs were attached 
to the thoracic vertebral columns starting with the pair of first ribs and continuing 
in a caudal direction, taking intercostal spaces into consideration. Identification 
of the ribs, which followed Haeusler et al.35, resulted in a thorax shape without 
significant asymmetry35 or pathology38,69. After controlling for smoothness and 
homogeneity of the curves connecting the costal angles, the posterior-most part of 
the rib shaft and sternal ends of the virtual 3D reconstruction, we rechecked and 
adjusted rib alignments using real-size 3D printed models of KNM-WT 15000 
thoracic fossils63. Textured 3D scans of the original fossils were then aligned to the 
virtual thorax model.

Growth simulations and analyses of the KNM-WT 15000 thorax. Growth 
simulations were carried out to create a hypothetical reconstruction of the adult 
rib cage of KNM-WT 15000. We based these on a comparative ontogenetic sample 
of cadaveric anatomically connected rib cages of ten adults (Ziv Medical Center, 
Safed, Israel) and of ten juveniles (Department of Forensic Medicine, University of 
Copenhagen, Copenhagen, Denmark) of modern human males (M2 erupted, as 
in KNM-WT 15000; Supplementary Table 1). Approval for use of these CT scans 
in our research was obtained (University of Copenhagen, no. 514-0251/18-3000) 
and, before analysis, all CT data were anonymized to comply with the Helsinki 
Declaration70.

The growth model was based on the method developed by Ruff and Burgess21. 
These authors applied a percentage of growth to limb bones that corresponds 
to individuals with the same age of dental development (with M2 fully erupted, 
but not M3) and adults21. Ontogenetic variation in thoracic shape was quantified 
following the digitization protocol from Bastir et al.32,36, to which corresponding 
landmarks and curve semi-landmarks were added to rib pairs 11 and 12. The 
anatomically connected thorax (ribs 1–12, as well as the thoracic spine shape) is 
quantified through 526 landmarks and semi-landmarks.

The mean shapes of juvenile and adult sub-samples were calculated, rescaled 
to juvenile and adult mean sizes and the difference (growth) vector quantifying 3D 

differences between juvenile and adult mean forms was extracted and applied to 
the KNM-WT 15000 juvenile thorax. This generated an adult hypothetical thorax 
(Fig. 4 and Extended Data Fig. 3) that incorporated the remaining growth and 
development for the KNM-WT 15000 thorax assuming an ontogenetic pattern 
similar to that of modern humans, as per Ruff and Burgess21.

Comparative analyses of the KNM-WT 15000 thorax. To compare the original 
juvenile and predicted adult KNM-WT 15000 thorax reconstructions, we 
used the 526 3D landmarks template32,36 that was measured on the most recent 
thorax reconstruction of the Kebara 2 Neanderthal18 and the juvenile and adult 
modern human samples (Fig. 4 and Supplementary Table 1). After GPA of all 
landmark configurations, PCA was carried out59. The KNM-WT 15000 thorax 
reconstructions were further compared with the juvenile and adult average 
shapes of modern humans using Procrustes distances (the summed, squared 
inter-landmark distances between corresponding landmarks following GPA59) with 
permutation tests (n = 1,000). Any differences in centroid size (square root of the 
sum of squared distances of each landmark to the centre59) between the modern 
human reference samples and the KNM-WT 15000 thorax reconstructions were 
tested using a one-sample t-test following a Shapiro–Wilk test for normality71 
(Supplementary Table 6).

We also compared the virtual 3D reconstructions of the KNM-WT 15000 
thoraces (juvenile and adult) with the modern human reference sample using 
measured maximum width, depth and height. We calculated total lung capacity 
of the KNM-WT 15000 reconstructed thoraces following the methods presented 
in García-Martínez et al.54, but we included a male sample only (Supplementary 
Table 1; n = 40; mean age, 21 years; mean stature, 180.37 cm; mean total lung 
capacity (TLC), 7.77 l)72 and compared these values to published reference 
data73. Thoracic spine length was used to estimate the stature of KNM-WT 
15000 in juvenile and adult individuals following Nagesh and Pradeep Kumar74 
(Supplementary Table 6). Widths, depths and heights were directly measured on 
the fossil thorax reconstructions and calculated from landmark configurations in 
the modern human thorax sample (Fig. 5). Measurements on the reconstructed 
thoraces for comparison to published reference data75,76 (Supplementary Table 7), 
which took into account soft tissues and the sternal complex, were deliberately 
conservative.

Computer simulation of KNM-WT 15000 respiratory kinematics. We used 
landmark data on 3D reconstructions of previously published32,77 thorax skeletal 
data collected from CT scans of 20 healthy, adult, non-smoking male subjects with 
no known history of respiratory or cardiovascular disease32,77 (Supplementary 
Table 1). Subjects were scanned in supine position from the lung apex to the base 
of the chest at maximum inspiration and maximum expiration. All image data 
were obtained with a 16-row multi-detector CT scanner (Somatom Emotion 16, 
Siemens) with the following parameters: slice width, 0.3 mm; reconstruction 
increment, 0.5 mm; collimation, 16 × 0.75 mm2; pitch, 0.8; slice collimation, 
0.6 mm; voltage, 120 kVp; reference tube current time, 160 mAs; and rotation 
time, 0.6 s. The study was approved by the institutional ethics committee (CEI 
Hospital Universitario La Paz, no. HULP-PI-513) and each participant gave written 
informed consent.

For reconstruction of respiratory kinematics of the KNM-WT 15000 thorax, 
we simulated rib mobility in the reconstructed thorax (Fig. 1) and applied ranges of 
motion recently published for modern humans to reconstruction of the KNM-WT 
15000 rib cage40,41,78,79, because one recent study has suggested no difference in rib 
joint mobility between modern humans and KNM-WT 15000 (ref. 33). We limited 
our simulations to the true ribs (ribs 1–7)32 because of the better conservation of 
the fossil costovertebral joints of this region, and also because the ranges of motion 
of the true ribs are less variable than those of the lower part of the rib cage40,41,78.

Using Fusionbox software80, a kinematic model was created (Fig. 6a and 
Supplementary Video 1) according to previously published breathing kinematics 
data obtained in modern humans40,41,77. The model consists of defining the 
orientation of axes of rotation at each costovertebral joint (ribs 1–7) and of 
applying a range of motion (rotation matrix obtained from Beyer et al.78) to the 
constructed axes on the H. erectus costovertebral geometry of the left hemi-thorax. 
From the neutral position (original reconstruction), we then applied two different 
ranges of rib motion—full modern human ranges (including outliers: TLC) and 
modern human ranges without outliers (Fig. 6a,b). The new simulated positions of 
left ribs with their associated landmarks and semi-landmarks were then mirrored 
across the mid-sagittal plane and statistically compared to landmark data of the 
upper thorax (ribs 1–7) of a previously published kinematic study of modern 
human males77.

These 3D data were used to calculate the difference in centroid size of the 
upper thorax in maximal inspiration and maximal expiration (functional size)32, 
which provides an estimate of respiratory capacity of this thoracic component. 
After re-sliding all semi-landmarks to the new sample average60, we created 
kinematic vectors describing the shape difference between expiration and 
inspiration in H. erectus and the means of H. sapiens (Fig. 6c). Differences in 
functional size and shape changes were compared using previously described 
methods32,77. Specifically, differences in respiratory capacity were assessed by a 
one-sample t-test of the modern human mean against KNM-WT 15000 in PAST81, 
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and differences in simulated respiratory kinematic shape changes were assessed by 
the angle α between species-specific kinematic vectors and permutation tests  
in MorphoJ32,77,82.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Computed tomography scans of fossil material from the KNM-WT 15000 
skeleton and the 3D models derived from them are the property of the National 
Museums of Kenya, to whom application must be made for access. The CT data 
for modern human thoraces cannot be shared, for ethical and legal reasons related 
to the protocols of the hospitals and hosting institutions. Interested readers 
should contact the authors, who will assist in getting in touch with the relevant 
institutions. All other data and linear measurements of fossil reconstructions are 
provided within the manuscript and Supplementary information.
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Extended Data Fig. 1 | Original scans of the KNM-WT 15000 thoracic vertebrae and virtual 3D models and the reconstructed thoracic spine. a, S (T1), 
b,T (T2), c, U (T3), d, CA (T4), e, T5: virtual, quantitative virtual 3D reconstruction, f, W, (T6), g, V (T7), h, T8: quantitative virtual 3D reconstruction.  
i, BI, (T9 quantitative virtual 3D reconstruction), j, X (T10, quantitative virtual 3D reconstruction), k, Y (T11), l, T12: virtually assembled following Haeusler 
et al.35; m: ventral view of thoracic spine, n: left lateral view of thoracic spine.
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Extended Data Fig. 2 | Original scans of the KNM-WT 15000 ribs and virtual 3D models for the rib cage reconstruction. Cranial view of the individual 
ribs using the level assessment from Haeusler et al.35. The labels displayed in black are originals whereas the labels displayed in red colour are mirror 
images. (Rec indicates virtual reconstruction).
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Extended Data Fig. 3 | Mean comparisons of the juvenile and hypothetical adult KNM-WT 15000 thorax with modern humans and the Kebara 2 
Neanderthal. a, The KNM-WT 15000 thorax (red) superimposed on the modern human juvenile mean in Procrustes registration. b, The hypothetical 
adult KNM-WT 15000 thorax (red) superimposed on the modern human adult mean in Procrustes registration. c, The hypothetical adult KNM-WT 15000 
thorax (red) superimposed on the Kebara 2 Neanderthal thorax reconstruction in Procrustes registration. Note the similar (more horizontal) orientation of 
the ribs in these two specimens due to reduced rib torsion.
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Extended Data Fig. 4 | Landmarks and semilandmarks of the ribs and thoracic vertebrae. a, Rib landmarks account for height, thickness and the 3D 
shape of the cranial and caudal curvatures and torsion of the shaft. b, Vertebral landmarks account for the morphology of the vertebral body (outline of 
endplates, body height, width and lengths), and the neural arches (curvatures, articulations, neural canal) and the thickness, height and orientations of the 
transverse and spinous processes. (Landmarks: red, semilandmarks of curves and surfaces: blue).
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Extended Data Fig. 5 | Statistical validation of spine reconstructions. a, Scatterplot of PC1 and PC2 of the four original (stars) and 24 reconstructed thoracic 
spines (dots: reconstructions carried out by researcher 1; open squares: reconstructions carried out by researcher 2), and the convex hulls of each spine. PC1 
shows that all (except one) reconstructions plotted towards more positive PC1 scores relative to their original. Inset 3D shapes illustrate variation along PC1. 
The experiment indicates a systematic underestimation of the thoracic kyphosis following the standardized reconstruction methods. b, The dendrogram 
shows the high accuracy of the reconstructions, which is independent of the researcher. All reconstructions fall together only with their original spine.
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Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Data were collected on CT reconstructions and 3D surface models obtained by HD surface scanning with details described in the 
manuscript. Comparative data were obtained in osteological collections. Experimental data on human respiratory kinematics were 
collected by physicians (FGR, IT) according to the information provided in the manuscript. We analysed CT data of modern human 
thoraces in anatomical connection (N=20) for morphological analyses, CT data of N=20 males for respiratory kinematics for shape 
analysis and CT data on lung capacities of  adult living humans (N=40) for exploring 3D form-function relationships, as well as surface 
scans of isolated thoracic vertebrae (N=419) and ribs (N=413). 

Data analysis We used Mimics 8.0 for 3D reconstructions of CT scans and Artec software for further surface model preparations. LhpFusionbox 
software (http://lhpfusionbox.org/) was used for the experiments of thoracic spine reconstruction based on the manual alignment of 
isolated vertebrae and Viewbox 4.0 (dHAL Software, Kifissia, Greece, www.dhal.com) was used for digitization of 3D landmarks. MorphoJ 
and PAST 3.0 were used for shape statistics as mentioned and described in details in the text. Evan toolkit (www.evan-society.org) was 
used for visualization of the geometric morphometric analyses and surface (mesh) deformation during the statistical reconstructions of 
the isolated vertebrae and ribs. 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.



2

nature research  |  reporting sum
m

ary
O

ctober 2018

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

We have presented most of the data in Figures, Tables and Supplementary Information. The data that support the findings of this study, not included in the 
Supplementary Information, are available from the corresponding author upon reasonable request.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description This study reconstructs the rib cage of a 1.5 myr old H. erectus skeleton (KNM-WT 15000) and compares it morphologically and 
functionally with modern humans and a Neandertal thorax reconstruction. 

Research sample In our study we used original fossil material, published fossil  data and modern human reference data. 

Sampling strategy No sample size calculation was performed. Sampling strategy was merely based on availability of fossil materials and modern human 
reference samples.

Data collection CT data of the fossil were produced by FS. The human reference CT data were produced and processed by FGR, ITS, BB, and CV. CT 
reconstructions were produced by DGM and MB. Surface scans of the human and hominin reference  data were produced and 
processed by DGM, MH and MB. Respiratory physiological data were collected by FGR and BB. Linear measurements on thoracic 
spines were collected by MB, DGM and EB. Measurements on the validation experiments were carried out by ARL and BB. 

Timing and spatial scale CT data of the fossils were taken in 2013. CT and functional data of the reference sample were taken and processed between 2013 
and 2018. Surface scan data were collected between 2016 and 2019 and analyses continued until the write up of this manuscript 
during 2018 and 2019.

Data exclusions No data were excluded. 

Reproducibility This is a comparative morphological and functional description of a reconstruction of fossil specimens. We conducted reproducibility 
experiments and validations on how missing parts are reconstructed statistically (quantitative reconstructions with validations). We 
assessed and accounted for the possible bias of reconstructing anatomical composites of individual elements by experiments and 3D 
quantitative adjustments of the fossil thoracic spine (quantitative reconstructions with validations). 

Randomization We took at random the 3D models of the specimens on which we based our validation experiments of the 3D reconstructions. 

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why 
blinding was not relevant to your study.

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Palaeontology
Specimen provenance The thoracic fossils of KNM-WT 15000 were CT scanned, surface scanned and studied with the permission of Dr. Emma Mbua 

and Dr. Fredrick Kyalo Manthi of the KNM, Nairobi. 

Specimen deposition The fossils are housed at the Kenia National Museums in Nairobi. 

Dating methods No dating was carried out.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Human research participants
Policy information about studies involving human research participants

Population characteristics 20 adult healthy males participated in the functional experiments on respiratory kinematics. 

Recruitment The physicists (FGR, IT) recruited healthy, adult, non-smoking male subjects  without known history of respiratory or 
cardiovascular disease in the context of their study. 

Ethics oversight Their study was approved by the institutional ethics committee (CEI Hospital Universitario La Paz, Madrid; HULP-PI-513) and 
each participant gave written informed consent.

Note that full information on the approval of the study protocol must also be provided in the manuscript.


	Rib cage anatomy in Homo erectus suggests a recent evolutionary origin of modern human body shape
	Results and discussion
	Methods
	3D analyses and reconstructions of KNM-WT 15000 ribs and vertebrae
	Virtual reconstruction and assemblage of the full KNM-WT 15000 thorax
	Growth simulations and analyses of the KNM-WT 15000 thorax
	Comparative analyses of the KNM-WT 15000 thorax
	Computer simulation of KNM-WT 15000 respiratory kinematics
	Reporting Summary

	Acknowledgements
	Fig. 1 Virtual quantitative 3D reconstruction of the KNM-WT 15000 thorax.
	Fig. 2 PCA of thoracic vertebral shape.
	Fig. 3 PCA of rib shape.
	Fig. 4 PCA of thorax 3D shapes of fossil hominins and modern humans.
	Fig. 5 Scatter plots of maximum widths, depths and heights of KNM-WT 15000 (actual and estimated adult) H.
	Fig. 6 Functional simulation of respiratory kinematics.
	Extended Data Fig. 1 Original scans of the KNM-WT 15000 thoracic vertebrae and virtual 3D models and the reconstructed thoracic spine.
	Extended Data Fig. 2 Original scans of the KNM-WT 15000 ribs and virtual 3D models for the rib cage reconstruction.
	Extended Data Fig. 3 Mean comparisons of the juvenile and hypothetical adult KNM-WT 15000 thorax with modern humans and the Kebara 2 Neanderthal.
	Extended Data Fig. 4 Landmarks and semilandmarks of the ribs and thoracic vertebrae.
	Extended Data Fig. 5 Statistical validation of spine reconstructions.




