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ABSTRACT

The complex hierarchical structure of human tooth hard tissues, enamel and dentin, guarantees function for
decades. On the micrometer level the dentin morphology is dominated by the tubules, micrometer-narrow
channels extending from the dentin-enamel junction to the pulp chamber. Their structure has been extensively
studied, mainly with two-dimensional approaches. Dentin tubules are formed during tooth growth and their
orientation is linked to the morphology of the nanometer-sized components, which is of interest for example for
the development of bio-inspired dental fillings. Therefore, a method has to be identified that can access the
three-dimensional organization of the tubules, e.g. density and orientation. Tomographic setups with pixel sizes
in the sub-micrometer range allow for the three-dimensional visualization of tooth dentin tubules both in phase
and absorption contrast modes. We compare high-resolution tomographic scans reconstructed with propagation-
based phase retrieval algorithms as well as reconstructions without phase retrieval concerning spatial and density
resolution as well as rendering of the dentin microstructure to determine the approach best suited for dentin tubule
imaging. Reasonable results were obtained with a single-distance phase retrieval algorithm and a propagation
distance of about 75% of the critical distance of d?/), where d is the size of the smallest objects identifiable in
the specimen and A is the X-ray wavelength.

Keywords: Synchrotron radiation-based micro computed tomography, phase contrast, signal-to-noise ratio,
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1. INTRODUCTION

The complex hierarchical structure of human tooth hard tissues, i.e. enamel and dentin, guarantees tooth function
for decades. At the macroscopic level, the interplay of hard, brittle enamel and softer and tougher dentin allows
for masticatory forces of up to 380 N [1]. On the micrometer level, the most prominent features are the dentin
tubules, micrometer-narrow channels running from the pulp chamber to the dentin-enamel junction (DEJ) in an
S-shaped fashion. Locally, they can appear wavy and tilted with respect to each other. They are surrounded by
the highly mineralized peri-tubular dentin (PTD) and embedded in the intra-tubular dentin. Dentin tubuli are
formed during tooth growth and mark the path of the odontoblasts, which ultimately determine the shape of the
tooth. Since remodeling in dentin is minimal, their orientation is linked to the organization of the nanometer-
sized components such as collagen fibers and calcium phosphate crystallites deposited during tooth formation
[2,3]. These structures are of interest for example for the development of bio-inspired, anisotropic dental fillings
with orientation dependent mechanical properties [4].

Dentin tubular structure [5-7] and its impact on the mechanical properties of dentin [8-10] have been stud-
ied with a wide variety of two-dimensional methods. These techniques often do not take into account local
inhomogeneities related to tubule orientation. Therefore, a method has to be identified that gives access to the
three-dimensional organization of the tubules. Tomographic setups with pixel sizes in the sub-micrometer range
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allow for the three-dimensional (3D) visualization of tooth dentin tubules both in phase [11,12] and absorption
contrast modes [4,13,14]. Because of the small voxel size in these datasets, only small parts of a tooth, below
approximately 1 mm in diameter, can be imaged simultaneously. Thus, for a complete understanding of the 3D
organization of the tubular structure of dentin, scans of multiple thin specimens obtained from one tooth would
be necessary from the present point of view. It is therefore desirable to identify the approach which allows one
to image dentin tubules with the necessary spatial resolution as well as within reasonable scan time.

Absorption contrast is well suited for hard tissues such as bone or teeth, especially in a dry environment,
due to the relatively high contrast of calcified tissues with respect to air, and thus suited for porous systems of
these materials. Phase contrast techniques are particularly sensitive to interfaces, and therefore suitable for the
detection of voids in an otherwise more or less homogeneous matrix, as is the case of dentin tubules, especially
since exact information of dentin density is not needed.

Among X-ray phase contrast methods, grating interferometry (GI) excels due to its high density resolution
[15], but it has only moderate spatial resolution [16]. It is therefore less suitable for imaging dentin tubuli.
On the other hand, propagation-based (PB) phase contrast gives access to micrometer resolution [17]. In the
present study we therefore investigated PB imaging approaches, which are based on phase contrast generated by
the propagation of X rays in free space between specimen and detector. Phase retrieval was applied to the PB
data with a multi-distance approach, frequently termed holotomography (HT') [18], and a single distance phase
retrieval (SDPR) approach where the phase profile of the X-ray wavefront exiting plane of the specimen can be
recovered from only a single radiograph, using an algorithm presented by Paganin et al. [19]. The algorithm
assumes that monochromatic radiation illuminates a homogeneous object, a condition that is sufficiently fulfilled
in the case of synchrotron radiation from a multilayer monochromator and dentin. In addition, the data acquired
at different specimen-detector distances was reconstructed without phase retrieval.

The experimental data were compared concerning their spatial and density resolution, and rendering of the
dentin microstructure, to determine the approach best suited for dentin tubule imaging and analysis. This knowl-
edge is a prerequisite for the development of bio-inspired dental fillings or bio-inspired crown reconstructions.

2. MATERIALS AND METHODS
2.1 Specimen preparation

A 600 x 400 pm? thin rod was cut in the apical-cervical direction from the center of a human third molar,
extracted for clinical reasons, with a diamond band saw (Exakt Apparatebau GmbH, Norderstedt, Germany).
Enamel and a thin section of dentin below the DEJ were removed. The rod was dried in air prior to measurement.

2.2 Synchrotron radiation-based micro computed tomography

SRuCT measurements were performed at the beamline ID19 [20] at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The photon energy was set to 17.6 keV with a multilayer monochromator [20]. 1500
projections of 2048 x 2048 pixels each and a pixel size of 0.33 um were acquired at equidistant angular positions
over 180° while the specimen was continuously rotated. The exposure time for each projection was 1 s. Four
scans were performed at distances z between specimen and detector of 3, 6, 9 and 20 mm.

2.3 Data treatment
2.3.1 Holotomography

Phase retrieval exploits the intensity modulations of the wavefront due to phase shifts caused by the specimen
and subsequent propagation of the beam from specimen to detector. In the HT approach the phase shifts are
determined from multiple projections acquired at different specimen-detector distances z [18]. For the phase
retrieval from the four sets of data a mixed approach was chosen, which combines the contrast transfer function
and the transport-of-intensity equation [21-23]. This algorithm is valid for non-zero specimen absorption and
extended propagation distances. To reduce low-frequency artifacts, which can arise from the fact that the
transfer function for phase contrast is small in the low spatial frequency range, the low-frequency components of
the phase profile are assumed to be proportional to the logarithm of the projected intensity transmission via a
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fixed estimate of the ratio §/f of refractive index decrement over absorption coefficient [23]. A value of /8 = 300
was chosen, which yielded reasonable results even though it differs from the theoretical value of 130 at 17.6 keV
[24].

2.3.2 Single distance phase retrieval

The phase profile of the X-ray wavefront exiting the plane of the specimen can be recovered from only a single
radiograph under the assumption of a single material specimen and monochromatic illumination [19,25]. Phase
retrieval from single distance data was performed using the software ANKAphase [25] which is based upon an
algorithm presented by Paganin et al. [19]. ANKAphase requires § and 3, the decrement of the real part of
the refractive index and its imaginary part respectively, of the material to be known. The quality of the results
is, however, only dependent on the ratio §/8, while the absolute values of the two coefficients only result in a
proportional scaling factor of the results. For processing, § = 1.004-107% and 3 = 7.74-10~? were chosen, which
are the § and 3 values of hydroxy-apatite of 1.5 g-cm ™3 density at 17.6 keV photon energy [24], resulting in a 6/3
ratio of 130. Single distance phase retrieval was performed for the four acquired scans from the holotomography.

2.3.3 Tomographic reconstruction

All tomographic datasets were reconstructed using a filtered backprojection algorithm implemented in Matlab®
(2010b, The MathWorks, Natick, USA).

3. RESULTS AND DISCUSSION
3.1 Density and spatial resolution

Figure 1 on the left shows a selected cross-section from the HT dataset of a tooth rod with a diameter of 500 pm.
Despite the presence of prominent ring artifacts, the dentin can be described as rather homogeneous material,
with the characteristic texture dominated by the dentin tubules. The white square indicates the region of interest
(ROI) shown in the central panel of Figure 1. Here, the dentin tubules can be clearly identified as dark spots with
a diameter between 1 and 2 pum, partially surrounded by structures with higher Ad. It is unclear whether these
arise from electron density variations inside the dentin or are artifacts caused by specimen movement during the
tomographic acquisition. The plot on the right shows the histogram of the 3D dataset. The peaks corresponding
to air and dentin were individually fitted with Gaussians and are clearly separated. The shoulder on the left
side of the dentin-related peak contains the dentin tubules, which exhibit intensities close to that of dentin due
to the partial volume effect caused by the similar size of the tubules compared to the pixel size.

. .

e Data
— Dentin

— L — Air

=}

S, {f

>

[3)

C L

[0)

S

o

o

(T

0 1106

100 pm 20 um AS

Figure 1. On the left, reconstructed slice of a 500 pm-thin tooth rod. The dentin appears speckled due to the presence
of dentin tubules. In the center, magnified region according to the white square on the left. The dentin tubules can
be clearly identified as dark spots. On the right, the histogram of the volumetric dataset. Air and dentin are clearly
separated. The shoulder on the left of the dentin peak contains the dentin tubules, which exhibit intensities close to that
of dentin due to the partial volume effect caused by the small size of the tubules, close to the pixel size of 0.33 um.
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Figure 2. Detail of the specimen according to Figure 1. On the top line from left to right, a part of a selected slice from
the data reconstructed without phase retrieval from the four measured distances (3, 6, 9 and 20 mm specimen-detector
distance) are shown. Pronounced edge enhancement can be seen, it increases with specimen-detector distance. On the
bottom line from left to right, the same region of the slice from the single distance phase retrieval data from the four
measured distances. Note the increasing blurriness of the dentin tubules with longer specimen-detector distance.

Figure 2 shows, on the top row, a ROI of the data reconstructed without phase retrieval, acquired at the
four specimen-detector distances 3, 6, 9 and 20 mm, from left to right respectively. The location of the ROI
is defined in Figure 1. The dentin tubules can be identified as dark spots in the surrounding dentin matrix.
While the dentin looks rather homogeneous in the data acquired at z = 3 mm, increasingly prominent bright
structures surrounding the tubules, caused by edge enhancement, appear with increasing z, and inhomogeneities
in the dentin increase. Zabler et al. showed that void tubules surrounded by a highly mineralized PTD give
raise to dark spots surrounded by bright structures after free-space propagation of the X-rays if the radius of
the PTD is at least 1.67 times as large as the radius of the void tubule [26]. The intensity of the bright rings
is reported to increase with increasing propagation distance, in good agreement with our results. In the case of
void tubules not surrounded by PDT they reported the presence of a bright spot at the position of the tubule
after propagation. However, this case did not occur in the data presented here.

The bottom row shows the same ROI reconstructed from single distance phase retrieval projections. The
tubules can be clearly identified in the leftmost image (3 mm specimen-detector distance) and become more and
more blurry with increasing propagation distance.

Structures corresponding to the dentin tubules can be identified in the data of all imaging approaches even
though their size and appearance vary depending on acquisition mode and z. It is therefore difficult to determine
which approach offers the most accurate representation. A more thorough inspection of the spatial and density
resolution of the datasets will allow for the choice of the most suited method.
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Figure 3. Histograms from the datasets reconstructed without phase retrieval, measured at the four specimen-detector
distances 3, 6, 9 and 20 mm. The peak corresponding to dentin largely overlaps with the air-related peak and becomes
broader with increasing specimen-detector distance while peak position remains largely unaffected.

Figures 3 and 4 show the attenuation coefficient and reconstructed density histograms (SDPR data) of the 3D
data, respectively, for the four specimen-detector distances. The peaks corresponding to air and dentin were fitted
individually with Gaussians (pro Fit 6.2.0, Quantum Soft, Uetikon am See, Switzerland). The dentin-related
peak from the data reconstructed without phase retrieval is almost an order of magnitude wider compared to the
one related to the surrounding air. The width of both peaks increases with increasing z, indicating a degradation
of density resolution. For the SDPR data, however, the width of the dentin-related peak slightly decreases
with increasing distance, from 0.22 full width at half maximum (FWHM) to 1.67 FWHM, as determined from
the Gaussian fits (cp. Fig. 4), except for the last distance, where it increases to 0.23 FWHM. Therefore one
expects an improvement in density resolution with increasing distance for this approach. The comparison of the
histograms of the three approaches suggests that the large width of the dentin peak in the data reconstructed
without phase retrieval does not originate solely from material inhomogeneities, but is rather a combination of
X-ray absorption variations in the dentin and phase effects, e.g. edge enhancement.

To quantify the density resolution of the datasets, Herzen et al. [27] proposed the contrast-to-noise ratio
(CNR) defined as

|Sa — Sdl
e M

where S, and Sy are the peak positions (cp. Figs. 3 and 4) of the measured quantities corresponding to
two different homogeneous materials, and o, and o4 are the standard deviations in regions of equal volume
inside these materials. Unfortunately, this approach is not directly applicable to the datasets discussed here
since it requires two homogeneous media for the calculation of the standard deviations. Dentin can not be
considered homogeneous for this purpose. Peri-tubular dentin and intra-tubular dentin are known to possess
different degrees of calcification, and thus different densities. In addition, the high number of tubules present
makes the selection of a volume containing only dentin difficult. Therefore the approach chosen by Schulz et al.

CNR =
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Figure 4. Single distance phase retrieval histograms from the datasets measured at the four specimen-detector distances
3, 6,9 and 20 mm. The width of the dentin-related peak decreases from distance 1 through distance 3 while increasing
again at distance 4.

[28] was applied, where only the standard deviation o, of the medium surrounding the specimen is considered.
The single material contrast-to-noise ratio, CNRy,, is therefore defined as

CNR,,, = [Sa = Sal (2)
Oa

where S; is the peak position of dentin, S, the peak position of air and o, the standard deviation in a
ROI in air. The CNRy,,, are resumed in table 1. CNRy,, steadily decreases for the data reconstructed without
phase retrieval with increasing specimen-detector distance. This is caused by the increased width of the air
related peak, and therefore o,. We assume this is related to the appearance of streak-like noise which arises
from the back projection of the enhanced edges in the specimen caused by longer propagation distances of the X
rays between specimen and detector [29,30]. On the contrary, CNRy,, increases up to 9 mm specimen-detector
distance in the SDPR data, while only the data at the maximal distance of 20 mm shows degraded density
resolution. The algorithm proposed by Paganin et al. [19] is derived on the assumption that

d2
z K 3 (3)
where z is the specimen-detector distance, d is the size of the smallest objects identifiable in the specimen and
\ is the X-ray wavelength. For the present experiment d ~ 1 gm and A = 0.705 A. Therefore, the z should not
exceed 10 mm. However, the phase retrieval algorithm proves to be robust against deviations from the optimal
conditions [31]. Even though the CNRs,, decreases drastically at 20 mm, individual tubules can still be identified
(cp. Fig. 2).

It is evident that the phase retrieval-based data outmatch the data without phase retrieval concerning density
resolution. The highest CNRy,, is obtained for single distance phase retrieval data at z = 9 mm. It is almost a
factor of 10 higher than one obtained from data reconstructed without phase retrieval acquired at z = 3 mm.
Density resolution of the HT lies between the two methods discussed.
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Table 1. Single material contrast-to-noise ratio CNR,, for the investigated imaging approaches. z: specimen-detector
distance, SDPR: single-distance phase retrieval.

Imaging approach z=3mm z=6mm 2z=9mm 2z =20 mm
Without phase retrieval 9.2 6.6 5.4 3.1
SDPR 48.8 66.3 72.4 21.5
Holotomography 374

To investigate the spatial resolution of the datasets, taking into consideration the properties of the specimen
and experimental setup, the radial spectral power distribution (RSP) of a small region of the specimen of
201 x 201 x 201 voxels was calculated and normalized by the RSP of a region of the same size containing air. The
spatial resolution was defined as the highest spatial frequency where the normalized RSP had twice the baseline
value [32,33]. Table 2 lists the spatial resolution of the datasets.

The data reconstructed without phase retrieval yields the best spatial resolution among the investigated
approaches in this study, ranging from 1.13 pum, which correspond to 3.4 pixels, at the shortest z to 1.36 um,
corresponding to 4.1 pixels, at z = 20 mm. Spatial resolution of the SDPR data is found to be slightly degraded
compared to the data reconstructed without phase retrieval. The difference between the two methods is however
not as drastic as in the case of the CNRyg,,. The origin of the improved spatial resolution in the SDPR data
for z = 20 mm is unclear. As should be expected, the spatial resolution in both approaches does not reach the
theoretically optimal resolution limit imposed by the width of the first Fresnel zone of a point-like object in the
specimen, given by v\ - z, indicating that there are no spurious multiple fringes around object features, which
would generate higher frequency contributions to the RSP. The resolution limit for the four specimen-detector
distances z is also resumed in Table 2.

Table 2. Spatial resolution determined from the radial spectral power distribution for the investigated imaging approaches.
Resolution is given in um. z: specimen-detector distance, SDPR: single-distance phase retrieval. Resolution limit indicates
the expected spatial resolution limit given by the width of the first Fresnel zone.

Imaging approach z=3mm z=6mm z=9mm z =20 mm
Without phase retrieval 1.13 1.15 1.17 1.36
SDPR 1.67 1.88 2.13 1.86
Resolution limit 0.46 0.65 0.80 1.19
Holotomography 1.39

The values for spatial resolution obtained by the RSP analysis (Table 2) are slightly better for the images
obtained without phase retrieval than for the SDPR images. This is consistent with what should be expected
because the SDPR phase reconstruction effectively acts as a low-pass filter on the spatial frequency spectrum of
the data [19]. For the SDPR data and the data obtained without phase reconstruction, the difference between
the resolution values obtained by RSP analysis and the width of the first Fresnel zone decreases as the distance z
increases. This is consistent with the expectations because at shorter distances z, the resolution should primarily
be limited by experimental limitations as signal-to-noise ratio or detector resolution, whereas, at longer z, the
Fresnel zone width should become the predominant resolution limit.

3.2 Tubule segmentation

Dentin tubules were segmented from the tomograms with a simple threshold approach and alternatively by
filtering the individual slices with a second derivative kernel h:
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h=[1 -8 1 (4)

This filter was chosen since the the pixel size lies close to the characteristic size of the tubules which run per-
pendicular to the tomographic slices. After filtering, the slices were binarized to identify the pixels corresponding
to tubules.

Since thresholding is related to image contrast, the first method was applied to the datasets of each imaging
approach exhibiting the highest CNRg,,,, while the second method, related to the presence of sharp edges, was
applied to the datasets possessing highest spatial resolution. Figure 5 shows, on the top row, ROIs from the
data reconstructed without phase retrieval, the SDPR data and the HT data, from left to right. The pixels
corresponding to the segmented tubules are shown in red. For the data reconstructed without phase retrieval,
the segmentation threshold was chosen as the absorption value where the Gaussians related to air and dentin
intersect. For the propagation-based methods, the threshold was defined as the value where the Gaussian fitted
to the dentin-related peak reaches 10% of its maximum value. The bottom row of Figure 5 shows, analogously,
the tomographic datasets and, superimposed in red, the tubules segmented with the filter approach.

20 um

Figure 5. In the top row, from left to right, ROIs from the data reconstructed with no phase retrieval (z = 3 mm), with
SDPR (z =9 mm) and HT. Segmented dentin tubules (in red) were superimposed to the tomograms. In the top row, a
thresholding approach was chosen for segmentation. In the bottom row, ROIs from the data reconstructed with no phase
retrieval (z = 3 mm), with SDPR (z = 3 mm) and HT are shown, analogously. Segmentation was performed with a
second derivative filtering and subsequent thresholding.

Segmentability through thresholding is in reasonable agreement with the CNRg,,, values, i.e. better contrast
leads to better segmentability. Thresholding of the data reconstructed without phase retrieval leads to the
inclusion of structures within the dentin due to the high inhomogeneity in the material, in agreement with the
fact that the air- and dentin-related curves in Fig. 3 overlap. SDPR data after thresholding show satisfying
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results concerning tubule position, however the mean tubule diameter is above those determined with the other
approaches. We assume that through this segmentation procedure their size is overestimated. The spatial
resolution of the shown dataset amounts to 1.7 ym, which is near the mean diameter of the tubules. The tubule
edges do therefore not appear sharp and are smeared over the complete area of the tubules and surrounding
dentin. Thus, the tubules exhibit a contrast value closer to dentin rather than air. The threshold was chosen to
be high enough that the majority of tubules were segmented. The consequence is that an increased number of
voxels is considered part of the tubules. A more conservative threshold would lead to a more precise estimation
of tubule sizes, but on the other hand also be less sensitive to the smaller voids. Such an approach can be
seen in the threshold-segmented HT-data (top-right in Fig. 5), where size and position of the larger tubules is
segmented correctly, while smaller tubules remain undetected.

Segmentation based on the second derivative of the data yields overall better results than the threshold-based
approach (bottom row of Fig. 5). The sharp edges in the tomogram of the data reconstructed without phase
retrieval, related to the high spatial resolution, lead to an underestimation of the tubule size with the applied
filter, and large tubules are not detected at all. A larger filter kernel could lead to an improvement of the
segmentation. The blurriness of the SDPR data is, in this case, of advantage, since the tubule edges do not
appear sharp. Therefore, larger structures are also segmented. This is also the case for the HT data, where
position and size of all tubules can be extracted.

4. CONCLUSIONS

High-resolution SRuCT is a suitable tool for the 3D imaging of human teeth, allowing for the rendering of the
dentin tubules, which dominate the tooth microstructure. The propagation-based phase retrieval approaches
offer increased density resolution compared to the data where no phase retrieval was performed, while still
retaining sufficient spatial resolution for tubule identification. This has the advantage of a better representation
of modulations in dentin density. Therefore, these approaches will often be preferred over reconstructions with no
phase retrieval, since the complexity of the setup and data processing only slightly exceed those of measurements
without phase retrieval. Since single distance phase retrieval and holotomography achieve comparable results,
the manifold acquisition time in holotomography, caused by the necessity for multiple scans at different detector
distances, makes SDPR the better alternative. The best results in this study are achieved with a propagation
distance of about 75% of the critical distance of d*/\.
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