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ABSTRACT Bone is a dynamic tissue which records and par-
tially stores a relevant amount of biological and biomechanical
information. In paleobiological investigation, a satisfactory ac-
cess to this hidden archive is limited by the unavoidable need
to assure integrity of the fossil record. According to our experi-
ence, based on a variety of advanced nondestructive approaches
in imaging fossil tissues, synchrotron radiation microtomogra-
phy (SR-µCT) assures the quasi-ideal physical conditions to
explore and to finely characterise at a high spatial resolution
the inner structural morphology of relatively large-sized and
highly mineralised fossil specimens for 2D and 3D modelling
and reliable quantitative analyses.

PACS 87.19.Rr; 87.59.-e; 07.85.Qe

1 Introduction

Over the past ten years, our understanding of the
genetic and molecular basis of bone development has greatly
improved [1]. In particular, it has been assessed that global
patterning of the human (mammalian) skeleton depends on
the deployment of numerous regulatory genes [2]. At the cel-
lular level, it has also been shown that bone cellular processes,
notably involving the mechanosensitive cells osteocyts [3],
allow bone to model/remodel in response to specific biome-
chanical conditions and requirements [4]. As a whole, ad-
vances in quantitative genetics, developmental biology, and
functional morphology show that the skeleton is a ‘compro-
mise’ [5]. In a functional evolutionary perspective, contrary
to its only slightly mutable external appearance, mammalian
bone is now viewed as a highly dynamic tissue, constantly
adapting its inner conformation to the changing biomechani-
cal environments [6].

Nonetheless, critical details of the manner in which adult
bone obtains its final form are still debated [7] and osseous
morphologies are alternatively seen (i) as independent fea-
tures with a predominantly genetic basis largely governed by
the forces of natural selection, or (ii) as the result of primarily
epigenetic or nongenetic interactions with the environment.
Accordingly, a number of questions concerning the ‘setting’
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of this material still remain unresolved: how and to what ex-
tent does bone adapt? At what points in individual life should
we expect bone functional adaptation to be evident in bone
structure and architecture? What are the developmental, func-
tional, and biomechanical relationships between the ‘con-
tainer’ (i.e. the external gross morphology) and the ‘contents’
(i.e. the inner structural architecture)? [8]. It is likely that only
a full integration among advances in quantitative genetics, de-
velopmental biology, and functional morphology will allow
us to satisfactorily answer these fundamental questions.

A quantitatively and qualitatively relevant amount of bi-
ological and biomechanical information is recorded and par-
tially stored within the bone at meso-microstructural level.
Fine access to this archive, which is critical for reconstruct-
ing evolutionary pathways, adaptive strategies, age- and sex-
related variation patterns, and health status, and to outline
various aspects and details of individual life history, is usually
granted by invasive investigative approaches [9].

In paleobiology, the traditionally poorly explored possi-
bility of detecting the ‘hidden signature’ in bony tissues is
objectively made more complicated by the fact that fossil spe-
cimens cannot be routinely sectioned. Accordingly, alterna-
tive technical and technological solutions to histomorphom-
etry are necessary to extract and to decode the usually noisy
fossil signal [10].

Here we provide a synthetic account of multiple research
experiences and perspectives in the investigation of the inner
structural morphology of mammal fossil bones by means of
advanced nondestructive approaches, including synchrotron
radiation microtomography (SR-µCT).

2 Exploring fossil bone structural morphology

Bone mass and trabecular orientations are adapted
to the nature, intensity, and directionality of external forces.
In particular, cancellous bone architecture(s) and locomotion-
related mechanics are intimately dependent [11], and over
80% of the variance in cancellous bone biomechanical be-
haviour and patterning can be explained by measures of dens-
ity and orientation [12].

From a functional standpoint, ‘sandwich-like’ construc-
tions – e.g. the hip bone – provide the most effective biome-
chanical response to loads because they associate rather high
strength properties to proportionally low-weight material. In
such kinds of structures, trabecular bone lies as core material
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surrounded by an outer dense shell. It offers two major adap-
tive solutions to the varied functional constraints: in regions of
low stress, cancellous bone mostly consists of rod-like struc-
tures (average thickness < 200 µm) connecting to form open
cells, while in regions of higher stresses it forms a more closed
network of plates; finally, in sites experiencing intermediate
levels of stress, it results in a complex, interconnected network
combination of rod- and plate-like elements [13].

When comparatively investigated in fossil mammal taxa
in a morphofunctional ontogenetic perspective, the identi-
fication of the mechanisms of ‘setting’ and ‘patterning’ of
the functional-related organisation of the cancellous network,
and the subtle characterisation of its structural properties in
homologous areas, allow the reconstruction of the paleo-
biomechanical dynamics most commonly experienced by
an extinct organism. In this view, measures of cortical and
trabecular (strut) thickness topographic variation, trabecu-
lar number, connectivity density, bone volume fraction, and
site-specific degree of textural anisotropy of the cancellous
network [14] can be used as proxy for assessing habitual
postural/locomotor mode(s).

But how can these quantitative analyses be carried out
on fossil specimens by means of noninvasive analytical ap-
proaches? And how reliable are our estimates/reconstruct-
ions?

Here we present different examples of diagnostic imag-
ing of fossil bone based on the use of conventional radio-
graphy, computed axial tomography (CT), microtomogra-
phy (µCT), and synchrotron radiation microtomography (SR-
µCT) (for a detailed review of the first three analytical tools,
see [10, 15]).

2.1 Plain film radiography

When applied to morphologies dealing with rela-
tively simple shapes, conventional radiography is both qual-
itatively and quantitatively informative and comprehensive;
also, it likely still represents the most practical solution to
‘easily’ and quickly document osteological collections. In the
case of ‘sandwich-like’ fossil bones, radiographs (usually)
provide a satisfactory compromise between spatial resolution
(which is enough for imaging trabeculae) and 2D visualisa-
tion of conformation patterns [16]. Nonetheless, all structures
in the path of the X-ray beam appear superimposed in the
image and cannot be distinguished from each other. Moreover,
in the specific case of fossil specimens, the inner trabecu-
lar bone is frequently blocked by the presence of a high(er)
density sedimentary matrix resulting from postdepositional
dynamics.

A rather typical example of unelaborated radiographic
imaging of a ‘sandwich-like’ fossil bone is given in Fig. 1,
which shows the supracetabular portion of the Neandertal hip
bone from the Kebara 2 skeleton [17]. This is a relatively high-
density region of the pelvis, where the effects of fossilisation
cause the fading of the cancellous gradients and a general hazy
appearance of the pattern, and the trabecular borders are rather
blurred. Despite the fact that the application of specific pro-
tocols of advanced digital image processing may significantly
enhance the quality of such kinds of images, thus allowing the
extraction of critical (paleo)structural information [18–20], it

FIGURE 1 Unelaborated radiographic image of the supracetabular portion
of the Neandertal hip bone from Kebara 2, Israel (∼ 60 000 years)

is quite obvious that the site-specific accuracy of measures of
trabecular thickness and density is affected by a number of un-
controlled diagenetic and taphonomic factors. Additionally,
cortical bone topographic variation cannot be assessed at all.

2.2 Computed axial tomography (CT)

Computed axial tomography overcomes the prob-
lem of parallax distortion and superposition of structures typ-
ical of plain film radiography, because the density of the spe-
cimen is measured in multiple directions. Additionally, the
extension into the third dimension dramatically enhances the
possibility of quantitative and qualitative analysis of morph-
ology [21]. Accordingly, since late 1970s, medical CT has
become the most exploited analytical tool in paleobiology
and paleoanthropology for 3D visualisation and study of cra-
nial and postcranial elements, including the measure of cor-
tical bone variation [22–25]. The development of electronic
segmentation methods has granted access to otherwise unob-
servable features and volumes in fossil specimens of special
interest [26].

Nonetheless, the best possible spatial resolution in the
plane of the scan that can be obtained with current scan-
ning systems is about 0.3–0.5 mm, thus not enough to de-
tail individual rod-like trabeculae, to quantitatively assess
local trabecular density and textural anisotropy, or to finely
characterise the ‘cortico-trabecular complex’ in fossil speci-
mens [27]. An example of such kinds of limits is given in
Fig. 2. It shows a CT axial section across the supraorbital torus
of the one-million-year-old (Ma) UA-31 human cranium from
Buia (Eritrea) [28]. Despite possible local uncertainties, the
resolution allows us to discriminate between fossilised bone
and the internal and external concreted sediment (consisting
of compacted grey silty calcareous mudstone), which mostly
affects the left half of the specimen and which has almost
completely filled the frontal sinus; conversely, the inner and
outer compact bone tables and the intervening diploë (cancel-
lous tissue) are indistinguishable, and no reliable measure of
relative thickness may be performed.
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FIGURE 2 CT axial section (2 mm) across the supraorbital torus (upper) of
the UA-31 human fossil cranium from Buia, Eritrea (∼ 1.0 Ma)

2.3 Microtomography (µCT)

X-ray microtomography (µCT) is a miniaturised
version of computed axial tomography. Nonetheless, with re-
spect to medical CT, µCT provides images with a much higher
spatial resolution and a much thinner slice thickness, of the
order of a few micrometres up to about 200 µm [29]. Be-
cause of its technical characteristics, µCT is thus the most
recommended tool in investigations dealing with the 2D or
3D analysis of the finest morphological and structural varia-
tion, including the bony textural one [30–32]. A test realised
at a resolution of 26 µm showed that µCT measurements are
highly reproducible [33]; additionally, specific tests for ac-
curacy have shown results compatible with the histological
standards [34].

Mostly developed to characterise materials for industrial
use, a variety of transportable or semi-transportable µCT
versions are now available for advanced research. In paleo-
biological research, the major limit of this analytical tool is
likely represented by the only limited size of the specimen
suitable for analysis, which does not usually exceed a few
centimetres [35]. Also, the power of the ‘transportable’ ver-
sion(s), which is the most appropriate for scanning fragile
fossil specimens directly in their original storage site, does
not necessarily assure the best contrast between matrix and
mineralised bone.

FIGURE 3 µ-CT oblique section (50 µm) across the proximal end of the
KNM-ER 1476B hominin fossil tibia from East Turkana, Kenya (∼ 1.8 Ma)

Figure 3 shows an oblique µCT section across the prox-
imal end of the Early Pleistocene KNM-ER 1476B ho-
minin fossil tibia from East Turkana, Kenya [36], performed
by means of nonindustrial transportable microtomographic
equipment (a peripheral quantitative computed tomographic
system), set to obtain the best ratio between image quality
and acquisition time. Despite the fact that both the cortical
shell and the cancellous network are visible and exploitable
for quantitative assessment, similarly to the example given
by Spoor et al. in their Fig. 3 [15], the high density and
matrix-filled fossil tibial tissue resulted in a partial lack of
detector signal causing some noise. Also, boundaries among
the cancellous mesh forming the network are not easily
distinguishable.

2.4 Synchrotron radiation microtomography
(SR-µCT)

In comparison to the conventional X-ray micro-
tomographic equipment, SR-µCT is uniquely characterised
by continuous energy spectrum, high photon flux, intense
monochromatic X-ray beam, parallel projections, and small
angular source size. As a whole, these quasi-ideal physi-
cal conditions assure the currently highest spatial resolution
(< 1 µm) and the most favourable signal-to-noise ratio, even
in the analysis of bony material [37–39]. Unlike conventional
X-ray tubes, a synchrotron radiation source produces very in-
tense X-ray beams that can be easily monochromatised. Mo-
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FIGURE 4 (a) SR-µCT transversal section (45.5 µm) through the proximal
end of the Neandertal tibia from La Ferrassie 2, France (∼ 50 000 years).
(b) Detail of a SR-µCT transversal section (45.5 µm) through the femoral
head of the fossil hominoid Oreopithecus bambolii from Baccinello, Italy
(∼ 7.0 Ma)

noenergetic X-rays beams enable absolute linear attenuation
coefficients to be measured and avoid the risk of beam hard-
ening artefacts in the reconstruction of images from dense
specimens such as highly mineralised fossils.

The beamline ID 17 set at the European Synchrotron Ra-
diation Facility of Grenoble [40] offers the unique opportu-
nity for paleobiological research to scan relatively large-sized
specimens (up to 18 cm in half-acquisition) at a final spatial
resolution of 45.5 µm. For the purposes of our ongoing in-
vestigations of bony and tooth specimens [27, 41], scans are
routinely performed at energies of 50–70 keV; projections are
taken each 0.12–0.24◦ and are collected by a 2048 × 2048
CCD FRELON camera [42]. According to the current setup,
the maximum sample vertical dimensions near 30 cm.

The extraordinary potentialities for paleobiology of the
application of the SR-µCT technology are exemplified by the
quality of the results illustrated in Fig. 4. Figure 4a shows
a transversal virtual section through the proximal end of the
Neandertal tibia from the La Ferrassie 2 skeleton [43]. De-
spite the taphonomic history of the specimen and the restoring
interventions having deeply affected its inner morphology, as
revealed by the high-resolution record, the distinctiveness of
the preserved trabecular network allows a reliable, unequiv-
ocal quantification and subtle characterisation of its textural

properties. Similarly, Fig. 4b shows a spot from a virtual slice
through the femoral head of a Late Miocene hominoid, Oreo-
pithecus bambolii [44]. Despite the antiquity of the specimen
(IGF 11778, ∼ 7 million years old) and its high degree of
mineralisation, the histology-like quality of the structural fos-
sil signal is quite high, hardly distinguishable from that of
a modern/recent great ape femur.

3 The ‘BoneHomme’ project

Based on our experience, synchrotron radiation mi-
crotomography constitutes the most effective nondestructive
investigative tool currently available to characterise the inner
structural morphology and textural properties of bone, even
in highly mineralised fossil specimens. With special reference
to the needs/constraints of paleobiological research, the sys-
tem set at the ESRF ID 17 beamline likely represents the best
compromise between spatial resolution (which is enough to
carefully detail individual strut size as seen in mammals) and
average size of the fossil record.

With the aim to contribute to some among the funda-
mental questions on bone rheology and (paleo)biology listed
in the introductory section, by means of the SR-µCT-based
‘BoneHomme’ project we have documented a sample of 194
postcranial bones for 2D and 3D high-resolution visualisation
and analysis. This sample, which likely represents the largest
sample ever considered for such kinds of studies, consists of
179 normal and 15 pathological specimens (mostly hip bones
(n = 35), femurs (n = 32), and tibiae (n = 70)) from 33 extant
and fossil species (mammals and reptiles), including human
beings (84 individual bones).

Specifically designed in a morphofunctional ontogenetic
perspective, the currently in progress ‘BoneHomme’ project
has been developed (i) to make precise the dynamic rela-
tionships between external growth pattern and setting of the
inner structural morphology in immature bones; (ii) to com-
paratively document the functional/genetic relationships be-
tween biomechanical environment(s), external bony shape,
general inner architecture, and site-specific fine characteris-
tics of the cancellous network in relation to body size and
positional/locomotor mode(s); (iii) to assess, in a 3D perspec-
tive, the unique locomotion-related inner architecture of the
human ilium (Fig. 5) and to quantify its site-specific structural
properties as related to the topographic thickness variation
of the surrounding cortical bone; (iv) to estimate the struc-
tural threshold/boundary between ‘normal’ and ‘abnormal’
bony structural condition in (a) a number of human beings
of both sexes and different ages-at-death known for having
experienced unusual locomotion modes because of different
pathological conditions, in (b) mammals recurrently adopt-
ing in the wild a quasi-vertical posture when feeding (such as
Gerenuk, as opposed to Grant’s gazelle), and in (c) in bipedal-
trained Japanese macaques [45]; and (v) to contribute to the
reconstruction of extinct locomotor modes by decoding the
noisy inner structural signal coming from the mammal fossil
record.

This project integrates, at high resolution and to large
scale, the dynamic system notion of bone/skeleton in a biome-
chanical developmental perspective. In principle, our ap-
proach, which makes use of an extremely sharp analytical



MAZURIER et al. SR-µCT analysis of fossil tissues 233

FIGURE 5 SR-µCT-based 3D virtual reconstruction (45.5 µm) of a mod-
ern juvenile (6–7 years old) human ilium (spec. SCR 749: Museum NPEP,
Rome)

tool, should significantly enhance the current comprehension
of the bone functional development in an evolutionary frame,
and allow the shift from a two- to a three-dimensional repre-
sentation, quantification, and functional interpretation of the
mammalian bony inner structural morphology.
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