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ABSTRACT 

The growth of plants, animals, and humans can give rise to layered structures associated with annual periodicity. Thickness 
variations are often correlated to nutrition supply and stress factors. The annual layers in a tree trunk with millimeter 
thickness can be directly counted, whereas the layers in tooth cementum with micrometer thickness are made visible using 
optical microscopy. These optical techniques rely on the surface evaluation or on transmission data of thin slices, i.e., they 
are restricted to two dimensions. Hard X-ray tomography with micrometer resolution, however, provides a three-
dimensional view without physical slicing. We have developed a procedure to enhance the tomography data of annual 
layers in human and bovid tooth cementum. The analysis of a substantial part of an archeological human tooth 
demonstrated that the detected number of layers depended on the selected region and could vary between 13 and 27. The 
related average thickness of the annual layers was found to be (5.4 ± 1.9) µm for the human tooth, whereas the buffalo 
tooth exhibited a layer thickness of 46 µm. The present study elucidates the potential of combining computational tools 
with high-quality micro computed tomography data to quantify the annual layers in tooth cementum for a variety of 
purposes including age-at-death determination. 

Keywords: Cementochronology, synchrotron radiation-based micro computed tomography, big data, archeological teeth, 
age-at-death determination, annual rings in wood, annual lines in mammals tooth cementum, segmentation 
 

1. INTRODUCTION  
Layered structures are frequently found in nature. One of the best-known examples are trees’ annual growth rings. Their 
width is an excellent biological indicator for dry seasons, excessive rain, air pollution and light conditions, just to mention 
a few parameters. Therefore, the estimation of the tree’s age from its diameter is error prone, especially if the local growth 
conditions are unknown. The physical cutting of the trunk makes the information easily accessible by visual inspection. 
Besides the average layer thickness, the intra- and interlayer thicknesses provide a wealth of quantities on the local climate 
and light condition changes, see Fig. 1. 

Computed tomography (CT) is a three-dimensional imaging technique that enables us to visualize the annual layers 
in wood without physical slicing, see for example [1]. It is, therefore, especially supportive for isotropic imaging with 
micrometer resolution in the three orthogonal directions. In addition, the prevention of physical slicing is often necessary 
to keep integrity of unique wooden blocks. Nevertheless, there are only a limited number of studies on the annual trunk 
layers by means of micro computed tomography (µCT), even though the measurements are straightforward ([1] and 
references therein). 
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Figure 1. The cross-sectional view on the left demonstrates that this almost 90-year-old tree grew asymmetrically. The 
thickness variations along the rings indicate changes of the lightening conditions during the growth periods. The tree grew 
faster after a neighboring tree was cut down, resulting in rings thickened in this direction. The top view on the stump shows 
the location of the roots, see central photograph. Shadows indicate the geographic direction at position (47.52874° N, 
8.59782° O), as also seen on the right photograph taken on January 16, 2022, at 3:38 pm CET with another tree nearby. The 
maximal diameter of the trunk without bark is 470 mm. 

It is much less known that annual layers can be found within the human body. The tooth cementum, i.e. the interface 
between the alveolar bone and the root dentin, contains unique growth features as recognized in optical micrographs of 
tooth sections in the 1950s [2]. The preparation of the slices used for those studies was based on physical sectioning, a 
procedure to be avoided for valuable unique objects including archeological teeth. Microtomography enables us to generate 
virtual slices without cutting and provides three-dimensional data, which can moreover be virtually sliced in any direction 
of interest [3]. The question arises to what extend the spatial resolution and contrast of hard X-ray tomographic imaging 
are adapted to imaging the annual layers in entire human and bovid teeth. 

2. MATERIALS AND METHODS 
2.1 Tree disc 

The wood investigated stems from a spruce fir tree, Picea abies, grown in the canton of Zurich nearby Freienstein, 
Switzerland (47.52874° N, 8.59782° O), see Fig. 1. 

2.2 Tree-disc analysis using micro computed tomography 

Two wooden disks each with a diameter of 180 mm were imaged using the microtomography system nanotom m® 
(phoenix|x-ray, GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). This laboratory-based µCT-system 
is equipped with a nanofocus tube. It was operated at an acceleration voltage of 140 kVp and a beam current of 60 μA. To 
increase the mean photon energy, a 250 µm-thin copper filter was placed between source and wood. The effective pixel 
length was set to 65 μm. For tomographic imaging, we have equiangularly acquired 1,800 radiographs along 360° with an 
exposure time per radiograph of 12 s. 

2.3 Archeological human teeth 

The study includes two nineteenth century human teeth, which originate from the well-documented Basel-Spitalfriedhof 
collection in Switzerland, stored at the Natural History Museum Basel [4]. More than 2,500 patients of the City Hospital 
were buried between 1845 and 1868 in that cemetery. Their remains were partly excavated in 1988 and 1989 by the 
archeological Bodenforschung Basel-Stadt, Switzerland. These skeletons have served as a reference series for 
methodological developments, which included the analysis of stress pattern, see for example [5, 6]. 

A valuable mandibular canine (cuspid, tooth 33), ID Z_1584, stems from Maria Magdalena Scherb, who has lived 
from May 4, 1829 to August 26, 1865. She visited the City Hospital nine times. Maria Magdalena Scherb gave birth to 
two illegitimate children and died from syphilis. Her life was marked by great poverty and deprivation during the early 
industrialization in Basel, Switzerland. 
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A 60 to 80 µm-thin tooth slice from an apical part of the middle third of the tooth root towards the crown, ID Z_436, 
stems from the mandibular canine (cuspid, tooth 33) of Maria Eva Kalchschmidt. She lived from November 26, 1802 to 
August 20, 1851 and gave birth to seven illegitimate children. In 1851 Kalchschmidt felt seriously ill and was admitted to 
the Bürgerspital. The doctors noted "patient of medium height, very emaciated and miserable-looking, blond-haired, hardly 
able to speak because of shortness of breath and pain; her great poverty is apparent at first glance". 

2.4 Archeological human tooth imaging using synchrotron radiation and optical scanner 

Tomographic imaging of the ancient human teeth was performed at the microtomography setup of the ANATOMIX 
beamline at Synchrotron SOLEIL, Gif-sur-Yvette, France [7]. A filtered white beam was conditioned by setting the 
magnetic gap of the undulator X-ray source to a value of 5.5 mm and placing a 20-µm-thick gold filter and a 100-µm-thick 
copper filter in the beam, resulting in a polychromatic spectrum with a central energy around 33 keV. The effective pixel 
size of the detector was 0.65 μm. The detector was positioned 50 mm downstream of the tooth to optimize the tradeoff 
between contrast and spatial resolution at this X-ray phase-contrast imaging instrument [8]. In detail, the detector consisted 
of a 20-μm-thin lutetium aluminum garnet (LuAG) scintillator screen coupled via 10× magnifying microscope optics 
(Mitutoyo; numerical aperture of the objective: 0.28) to a Hamamatsu Orca Flash 4.0 V2 scientific CMOS camera with 
2048 × 2048 pixels, physical pixel size: 6.5 μm [9]. The exposure time was 0.1 s per projection. Tomographic acquisition 
consisted of 9,000 radiographs during continuous rotation over an angular range of 360 degrees.  

To capture the whole tooth, we performed extended-field acquisition with three off-center acquisitions. Neighboring 
radiographs were stitched together by maximizing cross-correlation in the overlapping regions [10-13]. For the complete 
canine tooth study, four height steps were analyzed. The scan time for a single height step with three off-center rings, 
covering a volume of 7.35 × 7.35 × 1.33 mm3 and consisting of 262 billion voxels (11,307 × 11,307 × 2048 voxels), was 
45 minutes. 

Stitched radiographs were flat- and dark-field corrected. To improve signal-to-noise ratio at the expense of spatial 
resolution, a Gaussian filter with s = 0.75 pixels was applied to the projections [14]. Ring artifacts were removed by low-
pass filtering the mean of all projections and subtracting it from the corrected projections [15, 16]. Tomographic 
reconstruction was performed using the Gridrec algorithm [17] and the open-source toolbox Tomopy (version 1.4.2) [18]. 
Note, this reconstruction pipeline is not the standard one used at the ANATOMIX beamline. 

The optical images of the tooth section were obtained using the Pannoramic MIDI II transmission light microscope 
(3DHISTECH Ltd., Budapest, Hungary). This scanner enables image acquisition with optical magnifications of 20× or 
40×. The latter results in a pixel length of 0.12 μm. Three overview scans and 68 consecutive overlapping local scans were 
acquired to cover the tooth cementum of the selected slice. The acquisition parameters for each local scan were adapted to 
avoid oversaturation. 

2.5 Buffalo tooth 

The study includes a left upper (maxillary) first molar of an East African buffalo, Syncerus caffer, from Lake Eyasi, 
Tanzania hunted on October 26, 1986. The carcass of this buffalo was obtained from a kill site during ethnoarchaeological 
work on the Hadza people, a hunter-gatherer society, and their hunting practices [19]. Extracted teeth were dimensioned 
to determine the age-at-death based on the occlusal wear-crown height method [20], which used knowledge on tooth 
eruption at stages of a particular taxon’s life – in this case buffalo, and the degree of wear expected at each stage. The age-
at-death was estimated as nine-years for this individual. 

2.6 Layer visualization in buffalo’s tooth cementum 

The buffalo tooth was also imaged at the X-ray phase-contrast microtomography setup of the ANATOMIX beamline at 
Synchrotron SOLEIL, France [7]. For this study, we set the undulator gap to 9.5 mm and placed 20 μm-thin gold and 
200 μm copper filters in the beam to obtain a white beam with an average photon energy close to 40 keV. An effective 
pixel size of 6.5 μm was selected. The propagation distance between object and detector was 1 m. The detector consisted 
of a 600 μm-thick LuAG scintillator coupled via a 1:1 optics (Hasselblad photo objectives, focal length 100 mm, numerical 
aperture 0.22, in tandem geometry) to a Hamamatsu Orca Flash 4.0 V2 scientific CMOS camera with 2048 × 2048 pixels 
[9]. The exposure time was set to 0.05 s per projection. Tomographic acquisition consisted of 5,900 radiographs during 
continuous rotation over an angular range of 360 degrees. Thus, scan time for each local region was about 5 minutes. The 
rotation axis was offset so that the volume imaged had a diameter of nearly twice the width of the detector’s field-of-view 
[21]. 
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The data were reconstructed using the standard processing pipeline at the ANATOMIX beamline. Projections were 
processed with a Paganin filter [22] using a kernel length of 97 µm [16] prior to tomographic reconstruction. A double 
flat-field ring-artifact correction was applied [16]. 

3. IMAGING LAYERED STRUCTURES IN LIFE SCIENCES USING HARD X-RAY 
TOMOGRAPHY 

3.1 Tree disc 

The wooden disk with a diameter of almost 0.5 m, represented in Fig. 1, was too large to be imaged within the nanotom m®. 
Therefore, two disks with 0.18 m in diameter were extracted, see Fig. 2. The photographic images only show the surfaces 
of the wooden cylinders with clear structural similarities to the related slice of the tomography data, see Fig. 2. The dark 
brown layers formed during winter are stronger X-ray absorbing than the bright layers formed in summer. Branches 
exhibited even higher X-ray absorption, which correlated with a higher density. Both the optical and X-ray data 
demonstrate that the layer thicknesses can vary from year to year and can depend on the azimuth. The latter is usually not 
only related to the weather side but mainly given by the shadowing of neighboring trees. 

 
Figure 2. For the tomographic imaging using X rays, two cylinders with a diameter of 180 mm each were prepared, see 
photographs. The related tomography slices near the surface are represented on the right. The length bar corresponds to 
50 mm. 

Photographs of the wooden disks are of two-dimensional nature. A three-dimensional representation can only be 
obtained by physical removal or cutting. The microtomography approach provides a three-dimensional image without 
physical destruction, see Fig. 3. In this figure, three virtual cuts through the center of one log of wood in the orthogonal 
directions are displayed. Here, one recognizes four branches. Only two of them are detectable on the surface images given 
in Fig. 2. They are better visible in the tomography data than in the photographs. 

Movies showing a sequence of virtual cuts yield an even better impression on the ring structures, see Video 1. The 
branches run from the center to the periphery. Their angle to the symmetry axis of the trunk is easily detectable. 
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Video 2 shows a sequence of tilts of the other wooden disc represented in Fig. 2. At certain angles, some of the annual 
layers appear especially intense, because the superposition gives rise to strongest contrast. 

Figure 3. The tomographic data can be virtually cut in any direction. The figure contains the three orthogonal cuts through 
the center of mass of the cylindrical wooden block. 

Video 1. Sequence of virtual cuts, which shows the annual rings and the presence of branches: 
http://dx.doi.org/10.1117/12.2615148.1
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Video 2. Tilting the disk clearly indicates directions for optimized contrast:  http://dx.doi.org/10.1117/12.2615148.2

3.2 Identification of cementum in an archeological human tooth 

Incremental layers in human teeth are best observed in the acellular cementum, which can be found in the middle third of 
the tooth root. Therefore, we chose four successive height steps in the middle of the root and for each height step 
analyzed one slab of 35 slices corresponding to a thickness of 55 µm, see Fig. 4.  

Figure 4. Hard X-ray data from an archeological human tooth of a 36-year-old woman. The planes on the left depict the four 
color-coded locations in the tooth root analyzed for incremental layer appearances and are labeled (I) to (IV). Incremental 
layers lie in the tooth cementum, which was manually segmented. It is shown in blue color on the cross-sectional images 
indicated. The cross-sectional images were formed from integrating perpendicular to the slice direction over a thickness of 
55 µm. The length bar corresponds to 1 mm. A yellow marker shows the starting and end points of the representation in 
Fig. 5. The red-colored arrows point to the locations of annotated layers given in Fig. 6. 
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The cementum region was manually segmented (by author C.T.) to support extraction. The segmentation was 
performed after integrating the slab perpendicular to the slicing plane [23]. During segmentation, it was found that the 
cementum boundary on the inner side of the tooth, i.e., at the eruption layer, was generally well visible and hence could 
be segmented with a high degree of confidence. The outer cementum boundary was less clear. The porous tissue was 
excluded. 

The segmentation results can be seen in blue on the four cross-sections shown in Fig. 4. The cementum is often covered 
at the periphery of the tooth. Its thickness varies within a height step and from height to height. The mean cementum 
thickness of the four sections was 91, 85, 95, and 75 µm, with increasing distance from the enamel. The cementum length, 
this means the length of the blue-colored bands shown in Fig. 4, decreased from 16 via 15 and 14, to 13 mm towards the 
apex. The cementum, shown in blue, occupies only a part of the tooth that corresponds to 7.8 % of the tooth area shown 
in orange, see Fig. 4. In detail, for height step (I) we found 7.8 %, for height step (II) 7.7 %, for height step (III) 8.8 %, and 
for height step (IV) 6.8 %. 

3.3 Straighten the cementum of an archeological human tooth for improved imaging of annual layers 

In previous work, we have shown that the visibility of incremental layers can automatically be improved by integrating 
along the layer direction [23]. Since incremental layers are curved and hardly aligned with the imaging direction, we 
automatically straightened the cementum before optimizing the integration direction. In addition, the straightening of the 
cementum reduces the images to the relevant field of view, which enables efficient visual inspection. 

The straightening was based on extracting the centerline of the cementum segmentation, fitting a spline to 750-pixels 
long sections of the centerline, and resampling the image orthogonal to this spline using the code from R. Harkes [24]. 
Sections from the centerline were sampled in clockwise direction starting at the 9-o’clock position, mesial-vestibular, see 
yellow mark in the upper left cross-section of Fig. 4. The extracted straightened regions were oriented such that the tooth 
boundary appears at the image bottom, see Fig. 5. 

After straightening the cementum, the incremental layers are mainly horizontally aligned. What remains to be done is 
to align the layers across slices. For this purpose, we employed a method we recently proposed [23], where the integration 
direction is optimized to provide the strongest intensity variation orthogonal to the incremental layers, i.e. along vertical 
intensity profiles. The enhanced subregions, i.e., superimposed along the optimized direction, were then concatenated to 
allow inspecting the incremental layer progression. 

Figure 5 shows the straightened and enhanced cementum for the cross-section closest to the enamel. Using this 
representation, the cementum can be visually examined for incremental layers and their progression. The four straightened 
cementum sections are shown in Videos 3 to 6. It is clearly observed that the appearance of incremental layers varies in 
presence, thickness, and contrast along the cementum. 
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Figure 5. Straightened and enhanced cementum from plane marked in blue in Fig. 4, see cross section top left (I), showing 
(top to bottom) the result from clockwise sampling the cross section starting at the 9 o’clock, mesial position, yellow marker 
in Fig. 4. This provides an overall visual impression of the cementum and incremental layers. The red rectangular frame 
marks the region shown in the middle part of Fig. 6. The length bar corresponds to 100 µm. 

Video 3. Angular display of straightened and enhanced tooth cementum with a varying number of annual layers visible. The 
viewing angle is given; zero corresponds to the yellow mark in Fig. 4. The data correspond to the height step (I) displayed in 
the top left of Fig. 4:  http://dx.doi.org/10.1117/12.2615148.3
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Video 4. Angular display of straightened and enhanced tooth cementum with a varying number of annual layers visible. 
The data correspond to the height step (II) displayed in the top right of Fig. 4:  http://dx.10.1117/12.2615148.4

Video 5. Angular display of straightened and enhanced tooth cementum with a varying number of annual layers visible. 
The data correspond to the height step (III) displayed at the bottom left of Fig. 4:  http://dx.doi.org/10.1117/12.2615148.5

Video 6. Angular display of tooth cementum with a varying number of annual layers visible. The data correspond to the 
height step (IV) displayed at the cross-section lower right of Fig. 4:  http://dx.doi.org/10.1117/12.2615148.6

3.4 Annotation of annual layers in cementum of a single human tooth 

The bright incremental layers in selected, non-overlapping, enhanced regions were manually annotated to quantify the 
inter- and intra-variability of the layered structures. Four regions per height step were selected: (i) the regions following 
the yellow bar (9-o’clock, mesial position), (ii) the region with thickest cementum, and (iii) a selection by the annotator 
(C.T.). Figure 6 shows the annotations for the region with the maximum number of incremental layers found (top image), 

Proc. of SPIE Vol. 12041  120410C-9
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 21 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



the region with the thickest incremental layers (middle image), and the region with the thinnest incremental layers (bottom 
image). The incremental layers exhibited an average periodicity of 5.4 µm, see Table 1. 

Figure 6. Cementum regions, optimized for integration direction, with location of manually detected bright incremental 
layers depicted by yellow crosses. The borders of the cementum segmentation are shown by thin red contours. The red 
arrowhead in the cross-section (IV) in the lower right of Fig. 4 shows the position of the image on the top. It contains 27 
incremental layers. These layers are also weakly visible between the pores in the outer region, a part excluded from the 
cementum segmentation. The middle image stems from the height step (I) closest to the enamel, see red arrowhead for the 
top left cross-section in Fig. 4. With 8.3 µm between incremental layers, this part shows the largest mean distance. The 
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image on the bottom belongs to the height step (II) represented in the cross-section of Fig. 4 top right. Here, we found the 
smallest mean distance between incremental lines, 4.2 µm. The length bar corresponds to 100 μm. 

Table 1. Mean distances, given in µm, between the detected incremental layers from the four height steps, see Fig. 4 
(columns) and the three selected regions (rows). The error bars are represented via the standard deviations. 

Selection method Height step (I) Height step (II) Height step (III) Height step (IV) Mean value 

Mesial position 5.2 ± 2.4 4.7 ± 1.4 5.1 ± 1.8 5.4 ± 1.6 5.2 ± 1.8 

Thickest cementum 6.1 ± 1.7 5.5 ± 1.3 5.0 ± 1.8 5.7 ± 1.9 5.6 ± 1.7 

Selected by C.T. 5.7 ± 2.4 5.0 ± 1.8 5.4 ± 2.0 5.1 ± 1.9 5.3 ± 2.0 

Mean value 5.7 ± 2.1 5.1 ± 1.5 5.2 ± 1.9 5.4 ± 1.8 5.4 ± 1.9 

Table 2 lists the maximum number of manually detected incremental layers per height step and selection method. 
Although one expects a constant number of annual layers throughout the tooth cementum, most of the numbers are 
substantially lower than the maximum value found, i.e., 27 layers. 

Table 2. Maximum number of detected incremental layers. 

Selection method Height step (I) Height step (II) Height step (III) Height step (IV) Mean value 

Mesial position 15 13 22 18 17.0 

Thickest cementum 25 21 18 20 21.0 

Selected by C.T. 16 17 21 27 20.0 

Mean value 19.5 18.0 19.8 21.8 19.8 

3.5 Correlating tomography data with optical micrographs 

Traditionally, optical microscopy is used to examine incremental layers on tooth sections of up to 100 μm thickness [3]. 
To identify the advantages of each technique and any possible advantage by their combination, we imaged human tooth 
slides using optical transmission microscopy and hard X-ray tomography. Because the optical data contain only two 
dimensions, direct registration and comparison is challenging. The projective nature of the optical micrographs yields 
better contrast than found in the individual virtual slices of hard X-ray tomography. Consequently, we improved the 
contrast of the images in both modalities. Optical data were enhanced by adaptive histogram equalization of the intensities. 
The representation of the hard X-ray tomograms of the cementum region was improved by integrating image data along 
the incremental layer direction as determined by the optimization procedure described in section 3.3 [23].  

In a first step, the overview optical image was registered with the hard X-ray tomogram to globally align the images 
from the two modalities. Note that the overlapping local optical scans were stitched such that they were consistent with 
the overview optical scan. Hence, the local regions of the hard X-ray tomogram corresponding to the local optical scan 
could be extracted. In a final step, the alignment was fine-tuned by rigidly registering the enhanced local images based on 
landmark pairs manually selected by C.T. A characteristic example is shown in Fig. 7, where registration was based on 
nine landmarks, which were mainly located on the eruption layer. Here, one can clearly recognize corresponding micro-
anatomical features in the tooth cementum and beyond. Visual inspection of the common area allows for the detection of 
the incremental layers. Hence, the layers visible in hard X-ray tomography relate to incremental layers detected via optical 
microscopy. 

The observation of the annual layer structures in the center of this corresponding region, however, led to subtle 
distinctions: for the X-ray data, we detected 20 layers with a mean distance of (5.6 ± 1.6) μm, whereas the optical image 
contained 30 layers with a mean distance of (2.4 ± 0.8) μm. A maximum of 39 and 23 layers were detected for all optical 
and hard X-ray regions, respectively. During annotation of the optical image, we observed that dark layers were generally 
thinner than the bright ones. These sub-micrometer-thin layers were obviously not resolved by the hard X-ray tomography 
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approach, probably because the 0.65-µm-wide voxels are more than five times larger than the pixel length in the optical 
data (0.12 µm). 

Figure 7. Comparison of incremental layer appearance for same region using hard X-ray tomography (top image) and optical 
transmission (bottom image). The length bar corresponds to 100 μm. 

3.6 Layered structures in buffalo tooth 

In contrast to the human mandible canine tooth with a single root, the buffalo tooth investigated has four roots of unequal 
shape. Its size was much larger than the human tooth studied. Therefore, the straightening and enhancement procedure 
described in section 3.3 was only applied to promising, user-selected sub-volumes. For this purpose, we visually inspected 
twelve cross-sections, super-positioned 20 tooth cementum slices, i.e. summing over a 130 µm-thick virtual slab, and 
applied the enhancement. Furthermore, we inspected the intensity variations across the slices to identify cementum regions 
with highest benefit from the optimization of the integration direction. This protocol gave rise to incremental layers in the 
distal region of the buffalo tooth just below the enamel, see red arrow in Fig. 8. This enhancement was achieved by 
integrating the 20 slices after a 23.8 degrees rotation around the horizontal axis. The integration over 10, 30 or even 50 
slices yielded visually less sharp features. Starting from the selected location, the incremental layers were visible over a 
range of at least 1 mm towards the apex. 

Nine bright incremental layers were detected for this region, as indicated in the lower right image of Fig. 8. The mean 
distance between the layers was 45.9 μm. This result not only shows that hard X-ray tomography can be helpful to detect 
incremental layers in bovids, but also that the layer thickness can be an order of magnitude larger than in human tooth 
cementum. 
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Figure 8. On African buffalo, tooth cementum accumulates on the region below the enamel, see red arrowhead. This arrow 
points to the region, where the tomographic slices were acquired and further analyzed. Individual slices about 6 µm thick 
show weak contrast, top left. Simple integration of 20 slices is hardly helpful, see lower left image. The integration along the 
optimized direction, however, brings the layered structure to light, see right images. In the lower image, the nine layers 
identified are marked by the yellow crosses. The length of the scale bar corresponds to 1 mm. 

4. DISCUSSION
4.1 Analysis of tree’s annual growth rings 

Although hard X-ray tomographic imaging with micrometer resolution is well suited to study the annual layers in wood, 
its application to wood is generally questionable. There are a few exceptions. Unique wooden objects, generally opaque, 
could be three-dimensionally characterized, for example man-made wooden objects in the cultural heritage domain [25]. 
Water uptake, drying or chemical modifications are aspects in which microtomography supports the quantitative 
characterization of wood, see for example [26-28]. It can also be used to quantify the quality of wood pellets including 
pore and multifractal structure [29]. Basic research activities, however, such as hard X-ray micro-densitometry on annually 
resolved tree-ring samples, have gained interest in last-millennium paleoclimatology through density parameters including 
the maximum latewood density, see review article of Björklund et al. [30]. 

4.2 Three-dimensional imaging of annual layers in human tooth cementum 

Imaging, enhancing, and inspecting the cementum of entire cross-sections over several height steps of an individual tooth 
made it possible to find a region where the number of detected incremental layers was similar to the expected value based 
on the known age. Studies sampling only few cementum regions are likely to miss such valuable observations, which then 
would lead to an underestimation of age-at-death. An efficient path might be searching for the thickest cementum layers 
and count the layers only in this volume, see Table 2. 

The spacing between incremental layers varied substantially and was on average larger than previously reported, see 
for example [31]. For 32 archeological human teeth, G. Mani-Caplazi et al. [31] reported a mean value of 2.9 µm, which 
is almost half of the value found for the tomographic imaging in the present study. This substantial discrepancy between 
optical micrographs and tomographic data might be attributed to the image modality. The sub-micrometer-thin features 
detected in the optical micrographs could not be resolved with tomographic imaging using voxel lengths only slightly 
inferior to one micrometer. To verify this hypothesis, one should image tooth slices with nano-tomography, as for example 
available via projection geometry at the European Synchrotron Radiation Facility in France [32] or by full-field 
transmission X-ray microscopy (TXM) elsewhere [33-36], and using polarization microscopy. 

The question is whether the maximum number of layers identified corresponds to the age-at-death. Maria Magdalena 
Scherb reached an age between 36 and 37 years, and we identified 27 annual layers. As the mean tooth eruption age of the 
mandible canine tooth in females corresponds to 11.63 years [37], the fit is almost perfect. It should be noted that a small 
body-mass-index gives rise to earlier tooth eruption [37]. Therefore, we can reasonably expect that the eruption of the 
mandible canine tooth of Maria Magdalena Scherb occurred at an age between nine and ten years in agreement with many 
other references. For example, R. Šindelářová, L. Žáková and Z. Broukal [38] reported the emergence of the mandible 
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canine tooth 33 in Czech females at an age between 8.1 and 10.2 years. At the other locations investigated, however, we 
identified less than 27 incremental layers and the related age-at-death would be underestimated. Therefore, the numbers 
found are rather a lower limit for the estimation of the age-at-death. 

The age-at-death of Maria Eva Kalchschmidt was almost 49 years. The 39 layers identified in the optical data of the 
canine tooth 33 suggest tooth emergence at the age of 9.7 years. This value coincide with reported data [38]. Using the 23 
layers identified within the hard X-ray tomography data, the age-at-death is underestimated. Therefore, the spatial 
resolution and the contrast of the evaluated tomography data might not have reached the necessary level. Experimentalists 
should consider this finding for future measurements of incremental layers in human tooth cementum. 

4.3 Imaging of layered structures in bovid teeth 

The successful imaging of the layered structures in the tooth cementum of the African buffalo could be regarded as a 
milestone towards the identification of previous hunting seasons. As the periodicity of the annual layers is close to 50 µm, 
the spatial resolution of currently available laboratory-based microtomography systems should be satisfactory to determine 
the month-at-death [39]. Besides the spatial resolution, the density resolution is critical [40]. Therefore, the structural and 
chemical differences between dark and bright layers should be understood in detail. So far, we can only speculate on the 
origin of the layered microstructures in bovid teeth. The formation, however, might have similarities to the layers in human 
tooth cementum, because the number of detected incremental layers coincides with the age-at-death of the animal [19]. 
The preliminary results of the current study suggest that the detected layers can be described as annual layers with a 
thickness one order of magnitude thicker than in human teeth. A proof of this suggestion requires a series of experiments, 
where hard X-ray microtomography should play a key role. 

5. CONCLUSIONS
Tomographic microimaging using hard X rays is a powerful method for investigating microscopic anatomical features in 
a macroscopic object avoiding physical slicing. Annual layers, known from wood with a periodicity of around a millimeter, 
can also be identified in animal and human tissues, namely in tooth cementum. Tooth cementum contains a wealth of 
information on age, stress periods such as pregnancy, health issues, and (restricted) nutrition. Because unique objects 
should remain as an integrated whole, the sample preparation only relies on selection of an adequate holder. Image 
acquisition can include large amount of data up to terabyte size and the acquisition as well as subsequent analysis are 
therefore time-consuming. Data reconstruction and analysis have to be largely automated and based on sophisticated 
computational tools. Interdisciplinary teams are a prerequisite for successful data collection and quantification. 
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