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Abstract  Cross-sectional properties of long bones are 
commonly used for reconstructing mechanical load-
ing histories related to locomotion, subsistence strategies, 
manipulative behavior. In this respect, a significant degree 
of functional bilateral asymmetry of the proximal arm, likely 
related to unilateral activity levels, has been reported for 
Neanderthals.

Previous external analysis of the upper limb bones of the 
Regourdou 1 adult partial skeleton from Montignac- 
sur-Vézère, France, showed right side hypertrophy (Vander
meersch and Trinkaus 1995). In order to precise the amount 
of functional asymmetry and handedness characterizing this 
individual, we have investigated at 35%, 44%, 50%, and 
65% of the shaft length the cross-sectional geometric proper-
ties of its humeri by means of synchrotron radiation micro-
tomography (SR-mCT).

Present results support previous conclusion that 
Regourdou 1 was right-handed. Nonetheless, while a greater 
strength to compression, flexion, and torsion is shown by the 
right humerus, only a modest degree of right dominance 
characterizes this individual with respect to the available 
Neanderthal figures. Interestingly, the high-resolution three-
dimensional-mapping of the humeral cortical bone volume 
documents a heterogeneous topographic pattern of structural 
asymmetry along the shaft.
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Introduction

Cross-sectional properties of long bone shaft are commonly 
used in (paleo)anthropology for reconstructing mechanical 
loading histories and patterns of activity related to locomo-
tion, subsistence strategies, manipulative behaviors (Ruff 
et al. 1993, 1994; Trinkaus et al. 1994; Churchill and Schmitt 
2002; Sládek et al. 2006; Stock 2006).

Available evidence from the fossil record shows that sub-
stantial functionally-related structural changes in diaphyseal 
morphology of the upper limb occurred through the 
Pleistocene (Ruff et  al. 1993). Compared to the condition 
shown by early anatomically modern humans, the Neander
thal arm is characterized by a degree of robusticity suggest-
ing higher levels of habitual manipulative loads (Trinkaus 
1996; Churchill and Schmitt 2002). Likely related to unilat-
eral activity levels and preferences, the humerus also evi-
dences marked bilateral asymmetry, with usual right side 
hypertrophy (Trinkaus et  al. 1994; Trinkaus 2000). In this 
respect, Neanderthals approximate the pattern of pronounced 
functional asymmetry currently shown by professional ten-
nis-players (Trinkaus et al. 1994).

Regourdou 1 is a Neanderthal partial skeleton discovered 
in 1957 at Montignac-sur-Vézère, Dordogne, France (Bonifay 
and Vandermeersch 1962; Piveteau 1963–1965; Bonifay 
1964). This young adult individual of undetermined sex pre-
serves skeletal elements from both upper limbs suitable for 
accurate morpho-structural comparative analysis and func-
tional interpretation (Vandermeersch and Trinkaus 1995). 
Nonetheless, while the right humerus is perfectly preserved, 
the left one is incomplete, lacking the head and consisting of 
two non-joining diaphyseal portions (the distal one not 
described by Vandermeersch and Trinkaus 1995).

Previous tomographic (Senut 1985) and radiographic 
investigation (Trinkaus et al. 1994) of the Regourdou 1 right 
humerus showed that its structural morphology fits the 
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typical Neanderthal pattern, with marked reduction of the 
medullary area towards the distal third of the diaphysis. 
Additionally, the comparative analysis of the external mor-
phology of the right and left upper limb bones revealed dia-
physeal asymmetry, with right dominance for most 
dimensions (Vandermeersch and Trinkaus 1995).

In order to precise the polarity (right vs left side dominance) 
and the amount of functional asymmetry and handedness 
characterizing this individual, here we report the results of a 
high-resolution non-invasive analysis of the endostructural 
organisation and cross-sectional geometry of its humeri.

Methods

The bi- three-dimensional analyses of the Regourdou 1 
humeri are based on a synchrotron radiation microtomo-
graphic record (SR-mCT) performed at the beamline ID 17 set 
at the European Synchrotron Radiation Facility, Grenoble, 
France (www.esrf.fr/UsersAndScience/Experiments/Imaging/ 
ID17/; experiments SC-1587 and SC-1749).

The ESRF microtomographic system is characterized by 
continuous energy spectrum, high photon flux, intense mono-
chromatic X-ray beam, nearly parallel projections, and small 
angular source size. Monoenergetic X-ray beams enable 
absolute linear attenuation coefficients to be measured and 
avoid the risk of beam hardening artefacts in the reconstruc-
tion of images from dense specimens such as mineralised 
fossils (Macchiarelli et al. 2006, 2007; Mazurier et al. 2006).

Scans of the two investigated specimens were performed 
at energy of 51  keV. Projections were taken each 0.35° 
(1,024/360°). Final sections have been reconstructed from 
sinograms and saved on a 32 bit floating point raw format at 
a voxel size of 350 × 350 × 350 mm/pixels. The final 8 bits 
volumes were elaborated by means of AMIRA v4.0 package 
(Mercury Computer Systems, Inc.).

On digital cross-sections taken at 35%, 44%, 50%, and 
65% of the biomechanical humeral length (Fig. 15.1), the 
following parameters have been quantitatively measured/
calculated: total area (TA, in mm2); cortical area (CA, in mm2); 
medullary area (MA, in mm2); second moment of area about 
m-l axis (Ix, in mm4); second moment of area about a–p axis 
(Iy, in mm4); maximum second moment of area (Imax, in 
mm4); minimum second moment of area (Imin, in mm4); 
orientation of greatest bending rigidity (Theta, in degrees); 
polar second moment of area (J, in mm4); bilateral asymme-
try ([(max–min)/min] × 100) of CA, MA, J, Imax/Imin 
(shape asymmetry) (Trinkaus et al. 1994).

Cortical area measures the amount of compact bone in the 
diaphysis and relates to the resistance of the shaft to axial 
loadings. Second moments of area reflect the bending and the 
torsional strengths of the shaft under loading. The medullary 
cross-sectional area, which relates to CA, more directly 

reflects endosteal deposition/resorption patterns. As a whole, 
these variables measure the geometric contribution of corti-
cal bone to diaphyseal strength (Trinkaus et al. 1994), while 
the cross-sectional shape of long bone shafts, expressed as 
ratio Imax/Imin, is used as barometers of activity patterns 
(Pearson 2001).

Measurements of cross-sectional properties have been 
performed following Ruff (2002) running NIH Image by 
means of a Scion Image macro based on established geometric 
computations (www.hopkinsmedicine.org/FAE/mmacro.htm). 
Because of its incompleteness, Regourdou 1 left humerus 
has not been detailed at 50%.

The topographic variation of the cortical thickness 
between 20% and 80% of the diaphyseal length has been 
assessed following three-dimensional rendering and map-
ping. In the case of the right humerus (Fig. 15.2), the cortical 
volume (CV) has been quantified (in mm3) for the distal and 
the proximal portions comprised between 35% and 50%, and 
50–65%, respectively.

Results

Despite the incompleteness of the left humerus, bone endo-
structure is very well preserved in both specimens (Fig. 15.3), 
granting a high reliability of the digital measurements.

Fig. 15.1  Regourdou 1: sketch of the right (R) and left (L) humerus 
with indication of the cross-sections set at 35%, 44%, 50%, and 65% of 
the biomechanical length

www.esrf.fr/UsersAndScience/Experiments/Imaging/
ID17/
www.esrf.fr/UsersAndScience/Experiments/Imaging/
ID17/
www.hopkinsmedicine.org/FAE/mmacro.htm
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For all three comparable sections (35%, 44%, and 65%), 
the right humerus systematically shows the highest values for 
all investigated variables. The only exception is represented by 
the medullary area, which is larger on the left side at 35% (26.1 
vs 21.3 mm2; see Fig. 15.3) and at 44% (37 vs 30.3 mm3).

In both humeri, the relatively thickest cortical bone is 
found distally (35–44%). At 35% of the biomechanical 
length, cortical bone occupies 90% and 93% of the total 
cross-sectional area on the left and right specimen, respec-
tively. Similarly, the thinnest bone is found proximally 
(65%), the difference between the distal and the proximal 
portions reaching 11.6% on the left humerus.

As assessed on the shaft of a reference young adult humerus 
(nineteenth century, European origin) detailed by means of the 
same analytical tool (SR-mCT), the modern human condition 

is characterized by an absolutely and relatively thinner cortical 
bone distributed rather homogeneously through the shaft, 
while both Neanderthal and modern specimens share a topo-
graphic distribution pattern of volumetric thickening towards 
the distal end (Senut 1985; for additional comparative data on 
Middle and Upper Palaeolithic humans and living urban popu-
lations, see Trinkaus and Churchill 1999; Trinkaus 2006).

Percent cortical bone volume (%CV) measured on the 
Regourdou 1 right humerus for the portion 35–65% equals 
83.15%, while a value of 50.45% is obtained for the modern 
reference specimen.

In Regourdou 1, the diaphyseal section is systematically 
more circular distally (Imax/Imin). As usually seen in modern 
humeri, the second moment of area (principal and anatomical 
axes) and the polar second moment of area (J) decrease 
distally on both Neanderthal specimens.

With the exception of the medullary area assessed at 35% and 
44%, measures of bilateral asymmetry estimated for the vari-
ables CA, Imax/Imin, and J indicate right arm dominance in 
Regourdou 1, being the distal third of the humeral shaft (35%) 
the least asymmetrical portion (Table  15.1). The most asym-
metrical value has been recorded for the polar second moment of 
area (32.3% at the level of proximal section). Notably, with 
respect to its counterside, the three-dimensional rendering of the 
cortical bone topography of the right humerus uniquely evi-
dences a pattern of absolutely thicker bone located on the ante-
rior and posterior aspects of its distal third, likely in relation to 
the insertion areas of the muscles brachialis and triceps brachii.

Discussion and Conclusions

On both humeri from the Regourdou 1 Neanderthal partial 
skeleton, the middle-upper shaft (65% to 44%) is character-
ized by a greater strength to bending in the mediolateral 
plane (even if the left side is incomplete), while the distal one 
(44% to 35%) shows a greater bending rigidity in the antero-
posterior plane. As a whole, diaphyseal geometric properties 
of the shafts indicate a greater strength of the right proximal 
arm to the compressive axial loads, particularly on the distal 
part, and a greater rigidity to bending and torsion on the 
proximal portion. Accordingly, present evidence suggests a 
differential muscular development and mechanical loading 
pattern for this side, likely related to peculiar and/or more 
intensive manipulative activities (cf. Schmitt et al. 2003).

Fig. 15.2  SR-mCT-based 3D virtual modelling of the Regourdou 1 right 
humerus rendered in semi-transparency, showing thickening of the cortical 
bone towards the distal third of the diaphysis. Scale bar is 50 mm

Fig. 15.3  Digital cross-sections of the right (R) and left (L) humerus 
at 35% of the biomechanical length. Scale bar is 10 mm

Table 15.1  Measures of bilateral asymmetry of the Regourdou 1 humerus 
assessed at 35%, 44%, and 65% of its diaphyseal biomechanical length

CA MA J Imax/Imin

35%   9.7 (–)18.3 14.6   1.9
44% 11.1 (−)18.2 16.1   4.0
65% 14.5 14.4 32.3 23.6
See “Methods” for the meaning of the variables. (−) indicating a left 
dominance
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The bi-3D elaborations of the high-resolution microtomo-
graphic record of the two humeri support previous conclu-
sion that Regourdou 1 was right-handed (Vandermeersch and 
Trinkaus 1995). Nonetheless, compared to the currently 
available Neanderthal figures (which are mostly radiograph-
ically-based), this individual displays only a modest degree 
of right dominance, close to the minimum values of the 
Neanderthal variation range reported so far (for the cortical 
area measured at 35%, Regourdou 1 shows 9.7% vs 8.4–
45.9% for the Neanderthal whole sample; Trinkaus et  al. 
1994). As suggested by the ongoing high-resolution volu-
metric analysis of the endostructural morphology of the fore-
arm bones from the same individual (for a preliminary 
assessment, see Volpato et al. 2005; Volpato 2007), this char-
acteristics of Regourdou 1 may be related to sex variation in 
Neanderthals (Ben-Itzhak et  al. 1988), even it should be 
noted that the least asymmetric among the Neanderthals is 
the male Kebara 2 (Trinkaus et al. 1994).
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