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ABSTRACT

Laboratory-based X-ray microtomography has become indispensable for imaging unique objects. Especially for large objects
including the human skull, laboratory-based devices have the big advantage of having a reasonable field of view of up to a
dozen of centimeters in comparison to synchrotron-radiation based microtomography with a typical field of view smaller than
a centimeter. Using a nanotom® m, we investigated a prehistoric case of a ‘beaten-copper’ cranium from around 5,000 BCE
discovered at the site of Els Trocs in the Spanish pyrenees. The skull of an approximately five-year-old child (ET1/CET1)
shows distinct impressions of the cerebral convolutions (gyri cerebri) on the inner surface of the frontal, parietal and occipital
bone. These changes are visually reminiscent of beaten-copper and are associated with chronically increased intracranial
pressure, which may have various causes.

Keywords: Lab-based X-ray source, hard X-ray microtomography, beaten-copper phenomenon, intercranial pressure, human
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1. INTRODUCTION

In the Spanish Pyrenees, there are numerous caves that were not only used as shelters and seasonal dwellings in prehistoric
times, but also as burial sites. In most cases, no complete skeletons are found there, but only isolated bone fragments scattered
throughout the cave [1]. This is partly also true for the Els Trocs cave (Sant Feliu de Verim Bisaurri, Huesca, Spain), located
on the southern slope of a karst hill at about 1500 m above sea level [2]. It is characterised by its excellent geographical and
climatic position, as the plateau is suitable for pasture in the summer months. A network of paths can be identified that have
been used since the Neolithic period. Numerous archaeological findings suggest that the cave was used in spring and summer
as part of a seasonal transhumance [2, 3]. Between 2009 and 2019, several excavation campaigns took place in which more
than 1200 individual human bones were found in the cave chamber. Due to the constantly cool and humid environment inside
the cave, the structural bone preservation is excellent. An osteological analysis of the single bone fragments enabled the
identification of a minimum number of 19 individuals [4]. The individuals date to different phases of occupation of the caves,
ranging from the Neolithic to modern times.

Conventional X-ray microtomography (UCT) is a well established, non-destructive imaging technique for volumetric
visualization of tissue morphology in the biomedical field [5-9]. Due to the high flux available at synchrotron radiation
facilities, synchrotron radiation-based uCT (SRUCT) allows for superior image quality with respect to contrast and spatial
resolution [10, 11]. One of the disadvantages of SRUCT is the limited beamtime available. Secondly, the beam size at recent
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synchrotron radiation facilities of around 10 mm only allows the visualization of smaller objects. Therefore, UCT became more
interesting for the visualization of larger human body parts [12, 13] or unique, archaeological objects [4, 14, 15]. The Core
Facility ‘Micro- and Nanotomography’ (MiNa) at the Department of Biomedical Engineering of the University of Basel
operates two state-of-the-art X-ray microtomography systems, a Skyscan 1275 (Bruker microCT, Kontich, Belgium) and a
nanotom® m (Waygate Technologies, Wunstorf, Germany). The desktop system Skyscan 1275 is mainly used for
investigations of low Z materials [9], or for student courses due to its user-friendliness. Due to the 180 kV X-ray source and
the relatively large source-to-detector distance of 60 cm, the nanotom® m can scan high Z materials or objects with diameters
of up to 35 cm.

2. MATERIAL AND METHODS
2.1 Excavation at ElsTrocs

The individual ET1/CET1 examined in this study dates to the oldest phase around 5300 BCE [16]. It is a child whose skull
could be reconstructed from the individual bones almost completely (Fig. 1 left). Postcranial bones could not be assigned.
Based on the developmental stage of the teeth [17], the age at death can be estimated at about 5 years. The internal tabula of
the frontal, parietal and occipital bones shows distinct impressions of the cerebral convolutions (gyri cerebri). These changes
are visually reminiscent of beaten-copper and are associated with chronically increased intracranial pressure, which may have
various causes [18]. In this cage, the beaten-copper pattern could also be observed in other children of different ages. A square
sample was taken from the frontal bone, which was used for palaeogenetic studies and isotope analyses for dietary
reconstruction.
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Figure 1. Frontal view of the reconstructed skull of individual ET1/CET1 (left) and a photograph of the skull within
microtomography system just before the scan.

2.2 X-ray microtomography

The investigation was performed with a nanotom® m (Waygate Technologies, Wunstorf, Germany). The 60 cm distance
between source and detector and a horizontal shift of the detector (3,072 pixels x 2,400 pixels) allows visualizing specimens
up to 35 cm in diameter. The inside of the scanner including the object is shown in Fig. 1. First an overview scan of the frontal,
parietal and occipital bones was performed followed by a higher resolution scan of the frontal bone. For the higher resolution
scan, the frontal bone was removed from the skull. Both scans were acquired with an acceleration voltage of 150 kV and a
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beam current of 60 PA. In order to increase the mean energy a Cu-filter with 0.25 mm thickness was introduced. For both scans
2000 radiographs at equiangular positions over 360° were acquired. The overview scan was recorded with a pixel size of 68 um
with an exposure time of 12 s for each projection resulting in a total scan duration of 8 h and 20 min. The higher resolution
scan had a pixel size of 40 um with an exposure time of 10 s and a total scan time of 6 h and 40 min.

2.3 Skull thickness determination

The determination of the skull thickness distribution was performed with MATLAB. To determine the skull thickness
distribution, the following steps were performed (Fig. 2): After binarization of the data set, the trabecular holes were filled
(imfill(...,’holes”) function) and gaps were closed (imclose(...,strel(‘disk’,50) function). Then a 3D distance transform of the
data set was calculated (bwdist function) [19]. The values located on the centerline of the distance transform
(bwmorph(...,’skel’,Inf) function) are then associated with half of the skull thicknesses.

binarization fill holes

close gaps 3D distance transform determination of centerline
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—_—
0.0 26
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Figure 2. Schematic representation of the determination of the skull thickness distribution.

3. RESULTS & DISCUSSION

The reconstructed skull containing the frontal, occipital and the right parietal bones were first imaged with a pixel size of
68 um. The chosen spatial resolution is related to the large size of the object. Due to the high absorption of the object a relatively
high acceleration voltage had to be set and a Cu-filter introduced in order to increase the mean photon energy. Such scans
could not be performed in the Skyscan 1275 with its maximum acceleration voltage of 100 kV. A second challenge was the
fixation of the object. In order to avoid a damage to the skull, we decided not to use glue for fixation. The skull was fixed in
foam material which was trimmed with respect to the shape of the object. The skull fitted in the cavities of the foam material
and prevented any movements of the skull during the measurements.

The 3D volume rendering of the data set (front and both side views), is shown in Fig. 3. The absent left parietal bone enables
a view of the inner surface of the right parietal bone. On the inner surface distinct impressions are visible. The phenomenon is
called beaten-copper in relation to the pattern in hand-beaten copper objects like bowls and dishes. The irregularities are
induced by raised intracranial pressure. Potential pathologies are craniosynostosis, obstructive hydrocephalus,
hypophosphatasia or the Marfan syndrome. After reducing the size of the object by removing the occipital and the right parietal
bones the pixel size of the scan could be reduced to 40 um. The front and back views of the 3D rendering of this higher
resolution data set are shown in Fig. 4. The inner surface of the frontal bone again shows the mentioned impressions. In order
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Figure 3. Frontal and two lateral views of a 3D rendering of the reconstructed skull. The missing left parietal bone allows a look
on the inner surface of the right parietal bone indicating the interesting features.

Figure 4. Frontal and backside view of the higher resolved data set of the frontal bone.
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to quantify the visual inspection, a skull thickness distribution was determined following the steps shown in Fig. 2. A color-
coded 3D rendering of the skull thickness distribution is shown in Fig. 5. The thicknesses vary between 1 and 4 mm and the
figure clearly shows the permanent alteration of the thicknesses related to the beaten-copper phenomenon.

The observed patterns could also be found in other children of different ages of the excavation. Since hydrocephalus and
craniosynostosis can be ruled out, an infection of the meninges would be conceivable. In view of the presumably practiced
transhumance, an adaptive reaction to the differences in altitude would also be a possible explanation. The investigations on
this question are still ongoing.

skull thickness [mm]

Figure 5. Skull thickness distribution in the frontal bone.

4. CONCLUSION

The big advantage of laboratory-based microtomography is the possibility to investigate decimeter-sized archeological objects
on the microscopic level. Our study revealed the beaten copper phenomenon of a prehistoric skull of a 5-year-old child induced
by chronically increased intracranial pressure. Using the 3D distance transform of the data set, skull thickness distribution was
determined. The determination of the skull thickness distribution using distance transform could be of potential interest to
diagnose beaten copper phenomenon using clinical CT scan.
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