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ABSTRACT

Tooth cementum annulation (TCA) is used for determining age-at-death and stress periods based on yearly
deposited layers in the root cementum of human teeth. Traditionally, TCA analysis employs optical microscopy,
which requires cutting sections of the root and provides only sparse sampling in the third dimension. Ancient
teeth are often unique specimens that should not be damaged. In this imaging study, we show that extended-field
synchrotron radiation-based microtomography can be used to provide true micrometer resolution and full
coverage of the tooth for non-destructively surveying ancient teeth for incremental layers. To rapidly review the
root cementum layer of four teeth from an early 19th century cemetery with historical records of life events, we
developed a method for automatically enhancing incremental lines on virtual slices and for detecting regions with
strong incremental line appearances. Surveying large regions of the root cementum avoids missing high-contrast
incremental lines and hence improves TCA analysis as an alternative to irreversible slicing of the unique teeth.

Keywords: Synchrotron radiation-based micro computed tomography, mosaic tomography, stitching radio-
graphs, X-ray virtual histology, tooth cementum annulation, dental cementum, enhancement, detection

1. INTRODUCTION

Comparable to annual rings in trees and daily layers in otoliths of inner ears,1 incremental layers are also present
in the cementum of human teeth. The layers are most regular in the acellular extrinsic fiber cementum, which
is located in the middle third of the tooth root. The contrast of these light and dark bands often correlates well
with differences in mineral content, particularly zinc.2–6 The contribution of variations in collagen orientation
detected for goats feed on a controlled changing diet2 was not confirmed for humans7 and Beluga whales.3,6

Latest results for growth bands in Beluga cementum and beaver dentin showed corresponding modulation of
carbonated hydroxyapatite (cAp) lattice parameter α.6

As the average width of incremental layers in human teeth is only 3 µm,8 we need high-resolution imaging
to capture them. Traditionally this is done via physically cutting sections from the tooth and examining local
regions with optical microscopy. At high magnification, layers are visible as pairs of dark and light bands, which
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are called incremental lines. The main drawbacks of this acquisition approach are that teeth are destroyed
and only sparse samples can be taken out-of-plane. Incremental lines are used for estimating age-at-death by
counting the lines and adding the count to the teeth eruption age. The reported correlations between true and
estimated ages are mostly strong,9 yet reduced accuracies have been observed for an age above 50 years10 and
for teeth with periodontal disease.11,12 A standardized protocol, sampling several heights and teeth, removing
outlier counts and training observers was proposed to help to improve accuracy.9

Physically sectioning of the tooth, which is required for optical microscopy, should be avoided for
archaeologically valuable teeth. Three-dimensional imaging of the incremental teeth layers by synchrotron
microtomograpy has been proposed to avoid this destruction.13 Local regions from the tooth cementum were
previously imaged via synchrotron microtomography at an isotropic voxel size between 0.33 and 0.62 µm.13,14

In 2019, Le Cabec et al.14 investigated the usefulness of synchrotron radiation-based microtomography for
estimating the age-at-death of 20 individuals from 20 teeth of an archaeological collection from the 18th to 19th
century. They performed two vertically contiguous local scans per tooth. Each took 46 minutes and covered
a cylindrical region with a diameter of 1 mm. Two observers independently counted the incremental lines on
virtual transverse sections from the region with the better image quality. Overall a moderate correlation of 0.76
was found between real and estimated ages with an average inaccuracy of 16.1 years. The difference decreased
to 6.8 years for individuals younger than 50 years.

Finding suitable regions for local tomography is challenging, takes substantial set-up time and missed regions
cannot be recovered. As an alternative, we acquired synchrotron microtomograms covering the entire virtual
cross-sections of the teeth as well as several height steps with a technique known as extended-field or mosaic
tomography. The rationale was to avoid missing regions with good line appearances and to study intra- and
interlayer distances. Ultimately this may improve accuracy of age estimation.

The contrast of incremental lines on microscopy images has previously been enhanced by various image
post-processing methods. These include contrast stretching, noise reduction, sharpening, and smoothing by
Lieberman et al.,15 band-pass filtering in Fourier space by Czermak et al.,16 Gabor-cosine band-pass filtering and
orthogonal low-pass filtering by Klauenberg et al.,17 and directional Gaussian filtering by Newham et al.18 Instead
of relying on prior assumptions to enhance certain structures, the 3D images allow us to make the most of the
existing 3D structure of the incremental layers to improve incremental line appearance on virtual cross-sections.
While we need the high resolution between the layers, we could improve the contrast by integrating along the
layers. This approach was applied by Le Cabec et al.14 by manually rotating the images before projection.
Here we additionally account for the curved shape of the layers by automatically straightening them and then
automatically determining the optimal direction for integration along the layers.

Our contribution is two-fold. We performed extended-field synchrotron microtomography to capture the whole
tooth at sub-micrometer image resolution. Furthermore, we developed a method for automatically improving the
appearance of incremental lines, based on integration along the incremental layers for a locally optimal direction.

2. MATERIALS AND METHODS

2.1 Archeological teeth selection and preparation

Four archaeological teeth from the highly documented 19th-century Basler Spitalfriedhof collection in Switzerland
were analyzed using high-resolution microtomography. Age-at-death of the patients was verified19,20 and the
geographical and social origins as well as the family situations for three generations were confirmed genealogically
and historically.20,21 The four teeth came from women with an age-at-death between 30 and 60 years and one
or three documented births, see Table 1.

2.2 Synchrotron radiation-based X-ray microtomography

We acquired hard X-ray microtomograms of the four ancient teeth at the ANATOMIX beamline, Synchrotron
SOLEIL (Gif-sur-Yvette, France).22 The mean photon energy around 33 keV was selected using 20µm Au and
100 µm Cu filters and an undulator gap of 5.5 mm. The propagation distance between sample and detector was
set to 50 mm. An effective pixel size of 0.65 µm was used. The detector consisted of a 20µm LuAG scintillator
coupled to a Hamamatsu Orca Flash 4.0 V2 scientific CMOS camera (2048 × 2048 pixels, 6.5 µm physical pixel
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Table 1. Biographical information related to the imaged teeth.

Tooth ID Age Lifetime #Births Tooth Type
T1 Z 1584 36 1829-1865 1 maxillary premolar
T2 Z 1133 30 1816-1846 3 maxillary caninus
T3 Z 823 60 1801-1861 3 maxillary caninus
T4 Z 145 34 1812-1846 1 maxillary premolar

(a) (b)

Figure 1. Extended-field acquisition approach. (a) Schematic overview of standard, off-axis and extended acquisition. (b)
Example virtual image slice cropped at the top and bottom with illustration of coverage of the three rings. The scale bar
is 1 mm.

size) via a 10× magnifying objective. A complete description of the detector system can be found in Desjardins
et al.23 The exposure time was 100 ms per projection. Each acquisition consisted of 9, 000 radiographs over an
angular range of 360°.

To capture the whole tooth, we performed extended-field acquisition. In standard acquisitions, the detector
is positioned such that the rotation center of the object is projected on a detector column close to the center of
the detector field of view. In this case, it is sufficient to take projections over a rotation of 180°, see Fig. 1(a).
By putting the rotation center close to the edge of the detector and extending the scan range to 360°, the
image extent can almost be doubled. Yet, in our case this still only covers a width of less than 2.66 mm, which
corresponds to the area marked by the inner yellow circle in Fig. 1(b). To capture the entire tooth we need to
triple the radius of this yellow circle. This was achieved by extended-field acquisition, where we performed three
off-center acquisitions and stitched the neighboring radiographs together based on maximizing cross-correlation
in the overlapping regions.24–27 The field of view can be extended in the vertical direction (parallel to the axis
of rotation) by stitching reconstructed volumes from multiple height steps.1,28

Stitched radiographs were flat- and dark-field corrected. Ring artifacts were removed by low-pass filtering
the mean of all projections and subtracting it from the corrected projections.29,30 Tomographic reconstruction
was performed using the open-source toolbox tomopy (version 1.4.2)31 and the gridrec algorithm.32 Note,
this reconstruction pipeline is not the standard one used at ANATOMIX. The scan time for a single height
steps 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. An example slice, cropped at the top and bottom, can be seen
in Fig. 1(b).

2.3 Enhancement of incremental lines

After image reconstruction and ring correction, incremental lines in the 0.65 µm-thin-slices often have quite a
weak appearance, such that their contrast is insufficient for exhaustive analysis. Yet the incremental lines are
actually layers in 3D, as can be seen in the orthogonal slices shown in Fig. 2. The contrast of incremental lines
could be improved if we find the right direction to integrate along the curved layers. Hence, we first automatically
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Figure 2. Orthogonal slices showing layer structure. The scale bar in the lower right corner of the image is 100 µm.

straightened the layers to account for their curved shape around the tooth and then searched for an optimal
projection direction.

To straighten the cementum, we first semi-automatically segmented the tooth itself. For this we extracted
a virtual slab of 55 consecutive transversal slices, corresponding to a thickness of 35.75 µm. We then reduced
the slab to a single transversal slice by taking per in-plane pixel the mean of the 55 intensity values along the
out-of-plane direction. To reduce noise, we first filtered this mean projection image by a 15×15 median filter and
then down-sampled it by a factor 15. We automatically segmented the image into background and foreground
using Otsu’s method, see Fig. 3(a). Next we extracted the tooth region. For teeth with a clear border (teeth T1
and T4), small gaps were filled by morphologically closing the foreground mask using a disk-shaped structure
element with radius 10. The largest connected foreground component was extracted to get only the tooth region.
For teeth with material attached to the tooth (T2, T3) we first eroded the foreground mask with a disk-shaped
structure element of radius 2, 3, or 10 (manually set) to break the attachment. Then the largest connected
foreground component was extracted and dilated with the same structure element to get back to the original
component size. Finally holes were filled to remove any remaining cracks in the tooth. As we are interested in the
cementum, we segmented the outer rim by taking all foreground pixels with a distance of less than 300µm to the
background and selected the largest rim. Then the centerline of the rim was determined. Finally the mask and
the centerline was upsampled to the original image resolution. Performing the processing on the downsampled
image helped getting a smooth centerline. An example result can be seen in Fig. 3(b).

The next task is to extract subregions of the cementum and straighten these. For this the centerline was
sampled clockwise, as indicated by the red line in Fig. 4(a), and the subregion extracted. To straighten the
subregion, a cubic spline was fitted to the centerline points and the image was resampled orthogonal to the
spline. We used for this the Matlab implementation by Rolf Harkes.33 The resampled image was aligned with
a predefined coordinate system, such that the tooth border was horizontal and the background region was at the
bottom of the image. Finally a standard-sized cementum subregion of size 750 × 217 × 55 voxels was extracted,
see Fig. 4(c). Its intensities were normalized by mapping the range [2nd,98th] percentile to [0,255].

The movie in the supplementary material shows the mean intensity projections when rotating the cementum
subregion around the horizontal axis. One can clearly see that the visibility of the incremental lines can greatly be
improved for a suitable rotation angle. However, determining this angle manually is time consuming. Therefore
we aim for an automatic method to find a rotation angle that improves the incremental line appearances after
taking the mean intensity projection. We want to have a good contrast of the incremental lines, which means we
want to have a high variation of the intensity values when measuring orthogonal to the incremental lines. Due to
the straightening of the cementum and the alignment with the standard coordinate system, the incremental lines
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(a) (b)
Figure 3. (a) Foreground segmentation after mean intensity projection, median-filtering, downsampling and thresholding.
(b) Mean intensity projection image with outer rim mask and centerline contours overlaid. The scale bar is 1 mm.

Figure 4. Overview of (a) region sampling, (b) straightening and alignment with predefined coordinate system, and (c)
extraction of standard-sized cementum subregion.

are nearly horizontal in the projection images. Therefore we optimized the rotation angle by maximizing the
standard deviation along vertical lines in the center of the projection images as shown in Fig. 5(a,b). In Fig. 5(c)
one can compare the values of two 1D intensity profiles for both projection images with their standard deviation
stated in the legends. As a figure of merit for the visibility of incremental lines as a function of rotation angle,
we used the mean of the standard deviations of all 1D intensity profiles, see Fig. 5(d). We evaluated rotation
angles from −20.1° to 19.9° in steps of 0.5°. If this was insufficient, we searched in a 1.5 times larger range, i.e.
−30.15° to 29.85° in steps of 0.75°.

3. RESULTS AND DISCUSSION

Example results for the four teeth are shown in Fig. 6. Each of the six panels shows results for the same
straightened 3D cementum subregion, namely at the top the center slice, in the middle the projection image for
0°, and at the bottom the projection image for the automatically determined optimal rotation angle. It can be
observed that the appearance of the incremental lines was improved by optimizing the rotation angle, i.e. the
incremental lines have higher contrast at the bottom than at the top or middle subimage. Quantitatively, the
optimization measure increased for these examples in the range of 8.7% to 28.6% over the value for the projection
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(a)

(b) (c) (d)

Figure 5. (a,b) Mean intensity projection after rotation by (a) 0° and (b) −14.1° with location of 1D profiles shown as
vertical lines. The scale bar is 100µm. (c) Comparison of two 1D intensity profiles from (a) and (b) with standard
deviations stated in the captions. (d) Optimization function based on taking the mean of the standard deviations along
the vertical 1D intensity profiles per rotation angle. Image intensities were normalized to the range of [0,255].

at 0°. Figs. 6(b,d,e) show that the incremental lines after straightening do not have to be perfectly horizontal
for this enhancement to work. Interestingly, incremental lines are better visible in darker, lower density, regions
than in brighter regions, see Fig. 6(c).

Our method does not improve the incremental lines in all image regions, due to several reasons. In teeth with
very homogeneous tissue, like Fig. 6(e,f), incremental lines are often so weak that enhancement still does not
make them visible. Sometimes other structures influence the optimization criteria more than the incremental
lines, or the 1D profiles in the middle of the subregion might not optimally lie over the incremental lines.
However, an enhancement on every subregion is not needed, as the number of incremental lines should be the
same for the whole tooth. It is more important to automatically detect a manageable set of subregions, which
include high contrast incremental lines. The automatic analysis of the whole cementum for finding regions with
high-contrast incremental layers is illustrated in Fig. 7 by the colored disks, which represent the optimization
measure (mean of standard deviation of 1D intensity profiles) after optimization. It can be observed that this
measure varies relatively smoothly. We investigated selecting per virtual slab the six highest contrast as well as
the six most improved subregions based on the optimization measure. Visually inspecting their panels for high
contrast examples, like the ones shown in Fig. 6, took less than 5 minutes for 50 panels.
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(a) (b)

(c) (d)

(e) (f)

Figure 6. (a-f) Six example results from the four archaeological teeth showing per panel (top) the center slice, (middle) the
mean intensity projection at 0°, and (bottom) the mean intensity projection for the optimized rotation angle for the same
straightened 3D cementum sub-region. The optimal rotation angle was determined as (a) −14.1°, tooth T1, (b) −8.6°,
T1, (c) 9.4°, T2, (d) 18.3°, T2, (e) −14.1°, T3, and (f) −8.1°, T4. The scale bar is 100 µm.
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(a) T1 (b) T2

(c) T3 (d) T4

Figure 7. Spatial distribution of optimization measure (mean standard deviation of 1D intensity profiles) shown as colored
discs at subregion position for teeth T1 to T4 and various numbers of slabs. The scale bar is 1 mm. Image intensities
were normalized from [2nd,98th] percentile to [0,255].

4. CONCLUSION

In conclusion, we acquired synchrotron radiation-based microtomograms that covered the whole tooth on
transversal slices thanks to three off-center acquisitions and stitching of radiographs. The acquisition of one
height step of 1.3 mm required only 45 minutes, which compares well to the efforts for finding suitable regions
for local tomography.

Acquisition of whole cross-sections avoids missing good regions during local tomography. The whole cementum
can then automatically be analysed for easier finding regions with high-contrast incremental layers. This was
based on maximizing the standard deviation orthogonal to the incremental lines. Additional post-processing,
like filtering with the expected spatial frequency to enhance the incremental lines, might benefit this measure.

In this work, we have shown how the appearance of incremental lines can be improved with an automatic
method. The key component was to automatically find an optimal rotation angle such that the contrast of
incremental lines after mean intensity projection was maximized. This also required extracting cementum regions
and straightening them. Projections were performed over a height of 35µm, since the appearance for smaller or
larger heights was generally poorer in initial tests.

The microtomograms could not be compared with corresponding optical microscope images, as the studied
teeth were not destroyed and hence no microscope images existed. In future work, we will capture tooth slices
with microtomography and then study the correlation between these two image modalities. We did not yet
evaluate the accuracy of age estimation as sample numbers are very low and developing an approach to exploit
the 3D information for age estimation is beyond the scope of this work.

The improved contrast of the incremental layers will be beneficial for further manual or automatic analysis
and the 3D nature of the images will support the study of intra- and inter-layer distances. Overall, extended-field
microtomography is a promising acquisition method for non-destructive 3D characterization of the incremental
layers.
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