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ARTICLE INFO ABSTRACT

Keywords: Correlative characterization of micro-scale defects in heterogeneous mineralized materials requires the spatial
Correlative imaging fusion of measurement modalities that differ in resolution, contrast mechanism, and coordinate system. This
Defect characterization study presents a non-destructive multimodal measurement methodology in which X-ray micro-computed

Elemental mapping
Multimodal analysis
Spectro-spatial registration

tomography (uCT) and spatially selective photoluminescence (PL) spectroscopy are linked on an intact
specimen by a 3D surface mesh-assisted spatial registration framework, with complementary energy-dispersive
X-ray spectroscopy (EDS) used to characterize the associated compositional changes. The registration aligns
the volumetric and point-resolved measurements with a spatial uncertainty bounded by the PL laser spot
size (diameter ~ 80 pm) and the uCT voxel size (% 7 X 7 X 7 pm®), both smaller than the spacing between
adjacent measurement points, ensuring well-defined co-localization of crack-affected and pristine regions.
The methodology was demonstrated on extracted human premolars with visible enamel microcracks: 192
polarization-resolved PL spectra per tooth, acquired at 325 nm excitation across 12 spatial positions (6
cracked, 6 pristine) and spatially registered to the xCT datacube, revealed a reproducible difference in spectral
shape between crack-affected and pristine regions. A peak asymmetry index, defined as the ratio of the two
emission maxima, was reduced in cracked regions consistently in both teeth and significantly when pooled
across specimens (1.16 vs 1.28; p = 0.014), supported by EDS evidence of increased carbon content at crack
sites (a 42% relative increase in averaged carbon content, with the carbon-to-oxygen ratio rising from 0.46
to 0.84). The validated measurement framework — its spatial registration with bounded uncertainty — is
material-independent and generalizable to correlative volumetric and spectroscopic defect characterization in
heterogeneous solids.
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1. Introduction

Non-destructive characterization of microcracks (MCs) in heteroge-
neous mineralized materials is challenging due to differences in the
spatial resolution and contrast mechanisms between imaging methods.
No single modality simultaneously provides high spatial resolution,
volumetric coverage, chemical specificity, and structural sensitivity;
therefore, comprehensive characterization requires correlative mea-
surement — the spatial fusion of data acquired by instruments whose
imaging principles, length scales, and coordinate systems differ. The
metrological difficulty arises not from individual techniques, but from
their integration: the validated superimposition of one method onto an-
other, the clear handling of uncertainties associated with the fused data,
and the repeatability and reproducibility of the combined measurement
chain. Although these requirements are well established in metrol-
ogy, they are only partially addressed for hard mineralized tissues,
particularly tooth enamel.

Tooth enamel serves as an excellent example here, being hierarchi-
cally structured, anisotropic, and heterogeneous at the very scale at
which correlative measurement is needed. It is the most highly min-
eralized tissue of the human body and consists of 95 wt% mineral (in
mature enamel), 1 wt% soft organic matrix, and 4 wt% water [1]. On
the microstructural level the inorganic part is composed of crystal rods
(sometimes called prisms) and each single enamel rod is comprised of
bundles of nanometer-scale carbonated hydroxyapatite (HAP) crystals
(=~ 25nm thick, ~ 100nm wide, and > 100nm long) [2-4]. Every rod
is surrounded by a sheath of organic matrix [5], and the intra-rod
crystals are being separated by nanochannels or pores that may extend
for long distances through the enamel rods and only terminate at a rod
boundary or free surface [6-8]. The arrangement of the rods depends
on their location: in the enamel closest to the tooth surface, the rods
extend in a nearly parallel manner, while in the enamel close to the
dentin-enamel junction (DEJ), the rods extend within groups that are
obliquely oriented to one another [2,4]. This microstructure of the
enamel and the arrangement of its mineral and organic components
determine enamel-specific mechanical properties (i.e., high fracture
toughness and resistance to crack growth) [2,4,9-11] and give rise to an
anisotropic optical response, which can complicate the interpretation of
any single measurement modality.

Within this structure, enamel MCs are a form of tooth damage
that can develop due to temperature variations, abnormalities in the
maturation process, occlusal forces (e.g., generated during patholog-
ical tooth wear), traumatic injuries (e.g., caused by tooth extraction
procedure), restorative processes [12-16], and even orthodontic forces
exerted during removal of brackets at the end of treatment [12,17—
23]. Their reported dimensions - width range of 0.25-35.04 pm [4],
length range of 0.24 —10.15mm [4], and depth up to ~ 1 mm [24-26]
- encompass the resolution and field of view of several complemen-
tary methods, and the cracks themselves are heterogeneous in their
geometry and chemical composition, making them an ideal subject for
correlative measurements.

Recent applications of X-ray micro-computed tomography (xCT) for
cracks analysis have expanded our knowledge of this form of tooth
damage [22,27]. X-ray uCT has been validated as a powerful method
for 3D qualitative (and potentially quantitative) examination of enamel
MCs with distinct precision and versatility [22,27]. Photoluminescence
(PL) spectroscopy is one of the complementary analytical methods
to characterize the optical properties of the material by measuring
its light emission after being excited by a light source, typically a
laser or ultraviolet light [28]. The optical characteristics of natural
teeth [29,30] and fluorescence variations between sound enamel and
enamel affected by caries [31-33], white spot lesions [33], or bleaching
treatments [34] at 337.8 nm [31], 395 nm [33], 405 nm [32] excitation
have already been studied. Energy-dispersive X-ray spectroscopy (EDS),
applied conventionally to sectioned samples, has revealed the elemental
changes during the demineralization process [35-37]. A recent example
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combined fluorescence and reflectance hyperspectral imaging for caries
diagnosis; however, such approaches pair two 2D optical modalities
and do not address a 3D volumetric-plus-spectroscopic combination on
an intact tooth. Until now, however, these modalities have been applied
either in isolation or to individual samples and separate regions, which
makes it impossible to directly combine the data [38]; no comparable
correlative framework has been reported for intact (unsectioned) non-
flat tooth tissue with a spatial registration of characterized spatial
uncertainty.

Existing methods for characterizing MCs in mineralized solids suffer
from three measurement-science limitations. First, conventional EDS
and scanning electron microscopy (SEM) mapping require section-
ing or polishing the specimen, which destroys the 3D crack network
and introduces surface-preparation artifacts. Second, single-technique
measurements cannot independently determine whether the material
properties within the cracked enamel differ significantly from those
of the surrounding pristine (good/sound) areas, and whether these
changes lead to a loss of structural integrity at the MC site. Third, the
small size of the MC [4,22,24-27] and the resolution of the imaging
technique make it difficult to identify the same MC even with the same
imaging method. In 3D X-ray data, some cracks are smaller than the
voxel size (% 7 X 7 x 7 pm3) and have a variable signal-to-noise ratio.
An even greater challenge is to find and characterize the same MC
across different techniques, for example, to identify the position of the
laser spot on the tooth surface during PL. measurements. No prior multi-
technique study of tooth tissue has reported a cross-instrument spatial
registration with characterized spatial uncertainty, which is necessary
to measure the same region with each technique rather than comparing
similar-looking regions measured separately.

Thus, the aim of this study was to develop and demonstrate a
correlative measurement methodology that maps X-ray xCT images
with PL of the same crack-affected and pristine enamel regions, linked
through a 3D surface mesh-assisted spatial registration framework
with bounded spatial uncertainty, and uses complementary EDS to
characterize the corresponding compositional changes (Fig. 1(a-e)).
The methodology is demonstrated on extracted human premolars with
enamel MCs as a representative heterogeneous mineralized material,
with a further objective of assessing the structural integrity of the teeth
along the crack.

2. Methods

The correlative measurement workflow combined two modalities —
X-ray uCT and PL spectroscopy — co-registered on an intact tooth. The
microcracks were first identified and selected visually by varying the
viewing and light source angles. Subsequently, they were confirmed
using SEM images. Photoluminescence measurements were then made
on the affected and pristine areas of the chosen cracks by carefully
selecting the location of the laser spot. Finally, the positions of PL
measurements were overlaid on the X-ray data to confirm whether
the cracks had extended in depth. It is important to emphasize that
although some cracks are not visible on X-rays, this is due to the limited
resolution, and the identification of crack-affected and pristine regions
is based on optical examination. The accuracy of the spatial registration
linking the modalities is addressed in Section 2.2.2.

2.1. Samples and protocols

Enamel MCs and pristine tooth areas around the crack were studied
in this work. After atraumatic tooth extraction using a special instru-
ment by an experienced oral surgeon, two maxillary premolars with
visible cracks on the buccal and palatal surfaces of the tooth were
prepared following the guidelines of the International Organization for
Standardization (ISO/TS 11405; 2015), and kept in a hydrated envi-
ronment (distilled water) except for short periods during experiments.
Written informed consent was obtained from all the participants and/or
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Optical view

PR

SEM micrographs confirm the presence of the crack:
Example of a tooth with (b1) buccal view (28x) with presumed crack location
visible crack. and (b2) magnified view (1295x) of the crack.
(e) EDS """")," i X-ray UCT data-cube projected density map of the tooth with visible
g (d) PL spectra enamel, dentin, pulp, and cracks: (d1) side view and (d2) occlusal view.

EDS elemental analysis of cracked = i po—— " =
vs sound areas reveals compositional changes. Measured spectra of cracked and sound areas reveal
differences in tooth material in cracked and uncracked areas.

Fig. 1. Overview of the correlative measurement workflow on a tooth with a visible enamel crack: (a) optical view; (b) SEM micrographs at two magnifications;
(c) X-ray uCT projected density map (the arrow marks the 325 nm light-penetration depth); (d) PL spectra of cracked and pristine areas; (e) EDS elemental
analysis.

Buccal Buccal

Fig. 2. Photographs of two teeth with visible enamel microcracks (MCs) on
the buccal (a, b) and palatal tooth surface (c, d). Visible MCs, pristine (sound)
areas, and tooth surfaces are marked. Panels (a, c¢) belong to tooth 1, as well
as panels (b, d) - to tooth 2.

their legal guardians. All experimental protocols were approved by
Vilnius Regional Committee on Biomedical Research Ethics (number
2022/9-1458-933, 28 February 2024). All methods were performed in
accordance with the relevant guidelines and regulations. Visibility of
the enamel MC [4,22,39] and the pristine locations on the tooth were
determined by a specialist dentist (Fig. 2(a—d)).

The presence of enamel MCs visible by the eye was re-confirmed
using SEM (Fischer Scientific The Prisma E), operated at 5kV, 0.18nA

beam current as demonstrated in Fig. 3(a-d). If several cracks were Fig. 3. Typical SEM micrographs of two studied teeth samples with visible
visible on the buccal and palatal surfaces, only one, the longest, was enamel microcracks on the buccal (a, b) and palatal tooth surface (c, d). Panels
examined. The enamel MCs on the buccal and palatal surfaces of (a, ¢) belong to tooth 1, as well as panels (b, d) - to tooth 2.

each tooth and pristine area were investigated with X-ray yCT and PL

spectroscopy.
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Fig. 4. The experimental setups for (a) an X-ray xCT including the X-ray source, the specimen, and the detector and (b) a PL setup including the laser source,
polarization control by 4/2 waveplate, the tooth sample, the polarizer, cooled CCD, and the spectrometer.
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Fig. 5. X-ray uCT datacube projected density map of tooth 1 (al-a3) and tooth
2 (b1-b3) with visible enamel, dentin, pulp, and cracks. Matplotlib’s “twilight”
colormap was used to color-code intensity values summed along all three axes
shown in columns, respectively.

2.2. X-ray micro-computed tomography (uCT)

2.2.1. Data acquisition

For the scanning procedure, the roots of the teeth samples were
embedded in the commercial silicone impression material to hold them
mechanically and placed in the medical syringe filled with distilled
water (the hydrating medium throughout the study). Investigations
were performed using an X-ray 3D uCT RayScan 250E (RayScan Tech-
nologies GmbH, Meersburg, Germany). The measurements were carried
out employing a microfocus X-ray source with a maximum tube voltage
of 225kV; the tooth samples were scanned at 110kV. During the
measurements, the X-ray source irradiated the sample with the cone
beam, and a 2D image at the detector was recorded; the experimental
setup is demonstrated in Fig. 4(a). The source-to-sample distance was
50.9 mm while the source-to-detector 1455.1 mm. A flat panel detector
with 2048 x 2048 pixels was used. When the sample was rotated
throughout 360°, 2970 projections were obtained for each sample.
The projections were acquired using 0.5 mm aluminium filter with
a 3 s integration time and 3 x averaging, at 80pA. The focal spot
of the X-ray source used was 5 pm, and the size of the resulting
voxel was ~ 7 X 7 x 7 pm3. Reconstruction of a 3D data set from
projections was performed using RayWare software (RayScan Technolo-
gies GmbH, Meersburg, Germany). The reconstructed volume size was
1992 x 1992 x 1756 voxels. Dimensional analysis of the buccal and
palatal tooth surfaces MCs was carried out with the VGStudio MAX
2023.1 software.

2.2.2. Data preparation for analysis
The custom-made programs were written in Python to process and
analyze the 3D data. First, the X-ray images were processed by an

intensity threshold operation to identify voxels that lie inside the tooth
volume. Next, a 3D mesh structure was created to enclose the volume.
This mesh coincides with the outer surface of the enamel of the tooth.
Then, a visual image of the tooth with a laser spot on its surface was
over-plotted with the mesh, and the mesh was interactively rotated,
shifted, and scaled to best match the 2D view of the tooth’s shape,
i.e., to recover the 3D orientation of the tooth. Finally, the position
of the laser spot was marked on the mesh, accurately identifying it in
the 3D X-ray datacube. Each position is plotted as a red circle in cube
slices.

X-ray slice plots were generated by loading and processing data
from the datacube. Specific z coordinate slices were extracted based
on predefined coordinates corresponding to the laser spot position,
determined via surface mesh. Voxel masks were created from the
thresholded data using the scipy.ndimage library' to identify the tooth’s
volume. The largest connected component was isolated as the primary
mask of the tooth. For 3D visualization, the skimage.measure library’s?
marching cubes algorithm generated a mesh from the mask data, which
was exported as an OBJ file using the trimesh library.®> Matplotlib* was
employed to plot and save X-ray slices.

Datacube projections of X-ray samples (tooth 1, Fig. 5(al-a3) and
tooth 2, Fig. 5(b1-b3)) were created by summing data along each axis
(z,y,x) using the “twilight” colormap.® For slice analysis, X-ray data
for specified points of interest were loaded, and slices perpendicular
to the z axis were extracted and averaged. Two methods were used
for visualization: a simple slice around the z coordinate, and a multi-
channel image created by averaging slices at multiple offsets around
the z coordinate.

The 3D mesh of a tooth was visualized using the vispy library®
to identify surface points of interest (laser spot position). The mesh
data, loaded from an OBJ file with vispy.io.read-mesh, were used to
construct a mesh visual. The mesh was centered and oriented within the
image with transformation matrices for accurate spatial representation.
A background image, which is an image of tooth with laser point
illuminated, was loaded and with applied transparency that allowed
simultaneous visualization of the mesh over the experimental view. The
mesh was shifted and rotated interactively to match 2D representation
of the mesh on the image, allowing to identify laser’s spot position on
the surface of the tooth. Once the position of the spot was identified on
the tooth surface, a slice corresponding to z coordinate was extracted
from datacube, and x, y position of the laser spot was indicated by
yellow circle on the slice.

https://docs.scipy.org/doc/scipy/reference/ndimage.html
https://scikit-image.org/docs/stable/api/skimage.measure.html
https://trimesh.org/

https://matplotlib.org/
https://matplotlib.org/3.3.3/tutorials/colors/colormaps.html
https://vispy.org/
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This mesh-to-image alignment is an interactive rigid adjustment
with 4 degrees of freedom (scale, the in-plane x and y position, and the
pitch and roll angles), in which the mesh is adjusted until its projected
outline coincides with the tooth contour in the optical image. The
spatial registration uncertainty of the method is bounded by the laser
spot size (diameter ~ 80 pm) and the xCT voxel size (~ 7 x 7 x 7 pm3),
both of which are smaller than the ~ 1 mm spacing between adjacent
measurement points, ensuring that crack-affected and pristine regions
are unambiguously distinguished.

2.3. Photoluminescence measurements

2.3.1. Data acquisition

The photoluminescence spectra were obtained using a self-built
system with a spectrograph (ACTON 500) and a CCD (PRINCETON
Instruments) cooled with liquid nitrogen. The general layout of the
experiment, including the laser source, the sample, the cooled CCD,
and the spectrometer, is shown in Fig. 4(b). The measurements were
carried out using a continuous-wave (cw) laser at 325 nm excitation.
The focused beam spot size (diameter) was ~ 80 pm corresponding to a
power density of 0.1 kW/cm?. For all spectra, the same exposure time
of 0.2 s was used. The beam coming out of the laser was polarized
(ratio > 100:1, vertical matching with the direction of the crack). A 1/2
wave-plate was used to control it for the PL measurements by setting
it to 0°, 22.5°, 45°, 67.5° in order to obtain 0°, 45°, 90°, and 135°
polarizations of the incident beam at the focal spot. Additionally, a
rotating polarizer prior to CCD was used to select the 0°, 45°, 90°, 135°
polarizations of the luminescent signal. The angle of incidence of the
beam with respect to the tooth surface was ~ 20° and the elongation
of the spot size was not crucial (< 10%, estimated to be ~ 85 pm). It
is noted that the exact angle of incidence was not important for the PL
measurements. Calibration using an integrating sphere was not applied
due to its complexity and because it is not common in PL practice.

The tooth was fixed on an x-y-z positional stage mounted on a
rotational stage. Three measurement points were spaced equidistantly
by 1 mm from each other, and the PL spectrum was registered at each
measurement point along the crack line. The same three measurement
points were selected for the pristine tooth area, maintaining the same
vertical position but with an equal horizontal distance of ~ 1-2 mm
between measurement points from the sound and cracked tooth areas
by slightly rotating the tooth to trace the crack. The same procedure
was repeated for the buccal and palatal tooth surfaces.

In total, 192 PL spectra were detected for each sample: 96 from
visible enamel MCs from the buccal and palatal surfaces, and 96 from
the pristine areas from the buccal and palatal surfaces.

2.3.2. Data preparation for analysis

The custom-made programs were written in Python to process
raw spectra, perform identification of defects (e.g., lines), median
smoothing, normalization, and averaging of the spectral data.

The spectral flux data were corrected to mitigate noise and anoma-
lies, thereby ensuring reliable interpretation of the spectral signatures.
Initially, a median filter from the SciPy library was applied to the
flux data extracted from .SPE files using the WinSpec software.” This
filtering involved replacing each data point with the median value
within a specified window size. Outliers, identified where the deviation
between original and filtered data exceeded a set threshold, were
expanded to include adjacent points. These outliers were then replaced
by median-filtered values, with a small amount of locally-matched
noise added (NumPy?®) so that the corrected points were consistent with
the surrounding data. These changes were cosmetic and did not affect
the spectral shape or subsequent analysis. A further median filtering

7 https://github.com/antonl/pyWinSpec
8 https://numpy.org/
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refined the flux data. The corrected flux was normalized by integrating
over a defined wavelength range to facilitate consistent comparison.
Matplotlib was utilized to plot the normalized data, with spectra for
‘good’ and ‘crack’ points distinguished by color.

Each individual spectrum was smoothed by 5 nm median window
sliding filter to remove the laser light from the spectrum. Each indi-
vidual line corresponded to a single measurement obtained at specific
polarizer and analyzer orientation angles (6 good and 6 crack spots per
tooth at 4 polarizer and 4 analyzer angles - a total of 192 spectra per
tooth). For each tooth the average spectrum was computed for pristine
and cracked areas, averaging over different polarization angle spectra
to increase signal-to-noise (S/N) ratio.

To quantify the spectral-shape difference between pristine and
cracked regions, a peak asymmetry index (PAI) was defined as the
ratio of the normalized emission intensity at the two characteristic
maxima, PAI = I(444 nm)/I(530 nm). For each measurement point,
the PAI was computed from the polarization-averaged, area-normalized
spectrum, yielding one value per point (six cracked and six pristine
points per tooth). Group means were compared using a two-sample t-
test. A non-parametric Mann-Whitney U test was also performed to
confirm robustness at the small sample size.

2.4. Energy-dispersive X-ray spectroscopy analysis

Energy-dispersive X-ray spectroscopy (EDS) analysis was performed
using a Hitachi TM3000 SEM. Elemental analysis was conducted at an
accelerating voltage of 15 kV, with a sample acquisition time of 300 s.
The elemental composition in both pristine and cracked regions was
determined from three measurements per region acquired at the points
indicated in the images (see Suppl. Fig. S1).

3. Results
3.1. Characterization of microcracks using uCT

The scanning technique allowed the recognition, detection and 3D
characterization of all tooth MCs, accurately identifying those cracks
that were later analyzed using PL. MCs that were visible on the outer
buccal and palatal surfaces and re-confirmed with SEM were clearly
distinguished from the surrounding pristine tooth areas. The dynamics
of the cracks from the outer enamel surface to the deeper tooth struc-
tures were evaluated, as well as the MCs’ direction and position with
respect to the DEJ. The convexity of the buccal and palatal premolar
surfaces, the width of the enamel layer, and the scanning of the samples
in a hydrated environment, did not prevent the identification and
assessment of the crack of interest (tooth 1, Fig. 5(al-a3) and tooth
2, Fig. 5(b1-b3)).

3.2. Spectral analysis of microcracks with PL

The results of the PL spectra of the cracked and pristine areas of
the buccal and palatal surfaces of both samples using a 325 nm laser
are shown in Fig. 6. The photoluminescence spectra of both tooth 1
(Fig. 6(a)) and tooth 2 (Fig. 6(b)) reveal systematic differences between
the pristine (blue lines) and cracked areas (red lines). Each individual
spectrum features two distinct peaks, with the left-side peak in the
pristine spectra being slightly more intense than the right-side peak.
This asymmetry is not as pronounced in the cracked regions, indicating
a potential alteration in the material properties in the cracking areas.
To better illustrate the systematic difference, the mean value of cracked
area spectra is plotted as a yellow line, and the mean value of pristine
area spectra is plotted as a cyan line. The consistent difference between
the cracked and pristine areas across both samples suggests a structural
or compositional change associated with crack formation. Clarifying
whether this alteration is a consequence or a cause of cracking remains
the subject of further investigation.
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Fig. 6. PL spectra of the cracked (red) and pristine (blue) areas of the buccal and palatal surfaces of tooth 1 (a) and tooth 2 (b) with a 325 nm laser excitation
(x axis - wavelength (nm), y axis - normalized intensity (arbitrary units)). Cyan and yellow lines show the mean spectra of pristine and cracked regions, respectively.

To quantify this difference, the PAI = 1(444 nm)/I(530 nm) was
evaluated for each measurement point. The PAI was lower in cracked
than in pristine regions in both teeth (tooth 1: 1.16 + 0.12 wvs
1.29 + 0.13; tooth 2: 1.16 + 0.11 vs 1.26 + 0.10), with the reduced left-
peak dominance reproduced independently in each specimen. Pooling
the measurement points across both teeth (n = 12 per group), the
difference was statistically significant (1.16 + 0.11 vs 1.28 + 0.11;
p = 0.014, two-sample t-test; Mann-Whitney U test p = 0.046; Cohen’s
d ~ 1.1, a large effect; ~ 9% relative reduction).

3.3. Optical, X-ray and PL spectral mapping

Images of an optical view of three measurement points of the good
and cracked tooth areas, both on the buccal and palatal tooth surfaces
are presented in the first column of Fig. 7 (points (1-12) - tooth 1) and
Fig. 8 (points (1-12) - tooth 2). Each measurement point corresponds
to the different third of the buccal and palatal tooth surface (occlusal,
middle, and cervical). The white dot shows the area of interest that has
been accurately identified and mapped on the X-ray images (second
column, yellow circle), zoom-in onto the measurement position (third
column), and the spectra analysis performed on this location (fourth
column). X-ray images are positioned at the same rotation angle as
optical images.

In the uCT slice views, the color-coding represents a color-coded
distance from the viewer along the slice: red color is a mean of 9 slices
further along the z axis, green is the mean of 9 slices on exactly the
slice where the laser was pointing, and blue is the mean of 9 slices
closer (Fig. 7 (points (1-12) - tooth 1) and Fig. 8 (points (1-12) - tooth
2)). The mean of slices gives a better signal-to-noise ratio to enhance
the view of faint cracks, while distance color-coding indicates if the
crack is parallel to the axis of slicing or slightly tilted.

3.4. Elemental analysis of microcracks using EDS

The main results of EDS measurements are shown in Table 1.
Elemental composition in both uncracked and cracked regions was
averaged over defined measurement points marked in the micrographs
(see Suppl. Fig. S1). The cracked regions contained more carbon than
the pristine (good) areas (36.9 + 13.5 at.% vs 26.0 + 7.4 at.%, Table
1), corresponding to a 42% relative increase in the averaged carbon
content and reaching a 1.8-fold increase at individual crack sites (tooth
1, buccal). This higher carbon concentration was accompanied by a
decrease in oxygen (56.8 — 44.0 at.%), so that the carbon-to-oxygen
ratio rose from 0.46 in the pristine areas to 0.84 in the cracked re-
gions (an 83% relative increase). The calcium and phosphorus contents
changed comparatively little between the two areas (Table 1). The
larger standard deviations in the cracked regions (e.g., 13.5 vs 7.4 at.%
for carbon) indicate that the crack-affected regions are compositionally
more heterogeneous than the uncracked enamel.

4. Discussion

The current findings demonstrate a measurement methodology for
identifying the same cracked and pristine tooth areas by combining
X-ray uCT (volumetric analysis) with PL (spectral analysis) through
the 3D surface mesh structure developed, with a validated spatial
registration linking the two modalities. The small dimensions of the
MCs pose a major methodological challenge of locating them with
both techniques. The cracks characterized in this study fall within the
dimensional ranges reported in the literature [4,22,24-27], and the
validated registration — with a spatial uncertainty bounded by the laser
spot size (diameter ~ 80 pm) and the uCT voxel size (x 7 x 7 x 7 pm?)
- was sufficient to co-locate them across modalities despite their small
size.

Compared to previous works [22,27], in this study MCs were less
pronounced in the yCT images. This can be explained by the fact that
the teeth samples were kept in a hydrated environment during the
entire X-ray uCT scanning. Previously, it could only be assumed that
the imaging of teeth with MCs in aqueous solution should be different.
It is now known that cracks are still visible and can be identified, but
they tend to be less pronounced, and the scanning procedure itself takes
longer. The most important point is that the images obtained of teeth
with MCs kept in a hydrated environment more closely resemble the
clinical situation, as the teeth in the mouth are permanently kept in
the aqueous medium. Although MCs were less pronounced, they could
still be clearly distinguished from occlusal fissures. Fissures are natural
anatomical grooves located on the occlusal surfaces of premolars and
molars [40]. Unlike MCs, fissures form during tooth development.
Although they do not generally affect the strength of enamel, due to
their complex anatomy, fissures can lead to plaque accumulation and
caries if not properly maintained [40].

The anatomical (e.g., convexity of the surface) and morphological
(e.g., tooth surface irregularity) features of the buccal and palatal
tooth surfaces challenged the identification of measurement points for
PL analysis. To overcome this, the three measurement points were
positioned systematically using the x-y-z stage (Subsection 2.3.1) —
at 1 mm spacing along the crack line and at the same vertical posi-
tion on the pristine side — rather than by visual selection, ensuring
reproducible sampling.

As the crack is a gap between enamel crystallites, it is expected to
present an altered PL response. It is well-known that tooth PL decreases
when mineral content decreases, and the gap is an area without tooth
minerals. This relationship is what allows the spectro-spatial properties
of the tooth material to be merged. Structural information on the
direction of cracks relative to the orientation of crystallites and inter-
crystalline pore organic content would be valuable, but this would
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Tooth 1 - Good area (B)
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Tooth 1 - Cracked area (B)

Fig. 7. Correlative mapping of optical view, uCT slices, and PL spectra at twelve measurement points on tooth 1 (excitation at 325 nm). Each row corresponds
to one measurement point and shows, from left to right: an optical view with the laser spot (white dot), a xCT slice view with a yellow circle marking the laser
position, a zoomed-in slice view, and a colored spectra plot overlaid on the full set of spectra from the tooth. Optical view images, points (1, 6, 7, 12) belong to
the occlusal third of both tooth surfaces, either cracked or good areas, points (2, 5, 8, 11) - to the middle third, as well as points (3, 4, 9, 10) - to the cervical

third.

Table 1

EDS results are reported in atomic percentages (at.%). The elemental composition in both
uncracked and cracked regions was determined from three measurements acquired at the points
indicated in the micrographs (see Suppl. Fig. S1). The reported values represent the mean values
(Avg.) with corresponding standard deviations (St. Dev.).

Sample Elements, at. %

C o P Ca

Avg. St. Dev.  Avg. St. Dev.  Avg. St. Dev.  Avg. St. Dev.
Tooth 1 good (P) 31.14 0.85 57.49  2.25 5.56 0.63 5.56 1.15
Tooth 1 cracked (P)  25.80 7.64 56.65 1.41 6.22 0.84 6.36 1.61
Tooth 1 good (B) 30.00 3.57 59.44  3.62 5.01 0.23 4.77 0.48
Tooth 1 cracked (B) 55.36 6.73 26.37  3.65 6.64 1.42 11.63  2.06
Tooth 2 good (P) 17.83 2.27 66.06 1.61 7.75 0.63 8.05 0.57
Tooth 2 cracked (P)  38.36 7.70 49.82  6.04 5.20 0.83 5.58 0.91
Tooth 2 good (B) 24.82 1.53 44.18 0.49 12.68 0.88 17.90 1.24
Tooth 2 cracked (B) 27.93 0.87 43.11 3.50 9.31 4.50 17.36  3.52
Mean of good 25.95 7.38 56.79  4.49 8.73 3.49 9.07 6.05
Mean of cracked 36.86 13.50 43.99 1298 6.84 1.75 10.24 5.46
Difference in mean -10.91 12.80 1.89 -1.17

require higher-resolution electron microscopic analysis. Photolumines-
cence polarization analysis can be used for the determination of the
anisotropy of the emitting species. The energy deposition (excitation)
is due to the dichroism in absorption as well as birefringence (cause
reflection anisotropy and polarization rotation in the sample). It can
be measured from the four polarization (4-pol.) mapping using optical
far [41] (propagating) and even near [42] (non-propagating) fields.

It is noteworthy that this 4-pol. mapping can distinguish alignment
and anisotropy in absorption/transmission up to 20 times below the
diffraction limit, which would correspond to ~ 2 pm features in these
PL studies [43].

The spectroscopic examination demonstrates significant differences
in PL spectral shape between cracked and pristine enamel. The peak
asymmetry index decreased from 1.28 + 0.11 in pristine regions to
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Tooth 2 - Cracked area (B)
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Fig. 8. Correlative mapping of optical view, uCT slices, and PL spectra at twelve measurement points on tooth 2 (excitation at 325 nm; same as for Fig. 7).

1.16 + 0.11 in cracked regions (pooled across both teeth; p = 0.014,
Cohen’s d ~ 1.1), confirming that the change in spectral shape is
reproducible and quantifiable. Analyzing the intensity spectra by dis-
tinguishing the excitation to discrete 0° and 90° as well as detection
0° and 90°, polarization-sensitive luminescence is observed in all the
cases (buccal and palatal surfaces, pristine and cracked areas; see Suppl.
Fig. S2 (exemplified case of Fig. 7, point 8 and point 11)). The more
effective energy deposition (absorption) occurs when polarization is in
line with the longitudinal axis of the tooth (V-vertical), as seen in Suppl.
Fig. S2(a) and (b). The effect can be attributed to the orientation of
the crystal rods (prisms), which extend in a nearly parallel manner
in the enamel closest to the tooth surface [2]. The orientation of the
enamel rods (prisms) causes anisotropy of the luminescence — the
intensity of the excitations decreases with a shift to perpendicular (H-
horizontal) polarization (90°). Furthermore, it decreases significantly
once the polarizer is turned from vertical to horizontal (both VH
and HH), enabling polarization selective registration. This supports
the claim for polarization dichroism, namely irradiation by vertically
(0°) polarized light being more efficiently absorbed due to matching
orientation with the crystal rods (prisms), disregarding the crack itself
(see Suppl. Fig. S2 (a)). However, the horizontal (90°) polarization
is still absorbed efficiently due to light penetrating deeper below the
surface, reaching the more randomly oriented prisms [2]. Although
MCs do not fall into the category of carious lesions, the differences in
the PL spectra suggest that structural changes occur at the crack site.
This interpretation is consistent with the behavior of demineralized
enamel. In the presence of caries damage (at pH < 5.5), enamel
demineralization occurs, i.e., HAP dissolves [44]. The inorganic sub-
stances are being removed by the oral acids, produced by oral bacteria,
resulting in a porous enamel structure and light-to-dark colored cavities
on the surface [32]. During the initial stages of caries, the tooth

structure is intact [32]. However, as carious lesion worsens, the tooth
becomes porous due to demineralization and shows lower mineral
concentration [32]. In such case, the fluorescence intensity from the
minerals decreases along with the reduced light transmission, as dark
areas absorb more light than lighter-colored regions [32]. Also, the
inhomogeneous porous structure increases the scattering of transmitted
light [32]. In the context of PL excitation, this is expected to cause a
less intense and differently shaped PL emission — consistent with the
reduced peak asymmetry we measure at the crack sites.

The EDS measurements provide an independent, compositional con-
firmation of this picture. The cracked regions showed an increase in
carbon content compared to the pristine areas (36.9 + 13.5 at.% vs
26.0 + 7.4 at.%; a 42% relative increase, reaching a 1.8-fold increase
at individual crack sites), accompanied by a decrease in oxygen, so that
the carbon-to-oxygen ratio rose from 0.46 (pristine enamel) to 0.84
(cracked enamel; as presented in more detail in the Results section).
This shift from mineral-dominated to a more carbon-rich composition
is consistent with the accumulation of organic substances — such as
proteins, lipids, or bacterial biofilm residues, which are rich in carbon
— within the crack [45], and with the demineralization process that
usually accompanies carious or non-carious defects such as white spot
lesions. When tooth material begins to decay, the calcium [35] and
phosphorus content decreases [36], while the relative carbon concen-
tration increases [37]. EDS studies of demineralized enamel have also
demonstrated the loss of minor elements, leading to a less diverse
EDS spectrum without sodium, magnesium, and chlorine elements,
which are typically found in good enamel areas [36]. Although these
minor elements were not quantified in the present analysis, the carbon
increase we observe follows that reported trend. Our elemental analysis
is consistent with previous EDS studies performed on demineralized
tooth surfaces after sectioning [35-37] and confirms a similar tendency.
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What distinguishes the present work methodologically is that the EDS
was carried out non-destructively on the intact tooth with a not-flat
surface, avoiding sectioning, thereby providing a more representative
view of enamel chemistry in the cracked regions and preserving the
structural integrity of the sample.

It is important to mention that the compositional changes between
pristine and crack-affected enamel regions coincide with the spectral-
shape change observed in Fig. 6 and quantified by the PAI (1.16 in
cracked, vs 1.28 in pristine regions, pooled across both teeth). Specif-
ically, crack-associated regions exhibit reduced relative emission near
444 nm and a higher relative contribution in the 480-600 nm region,
i.e., a lower PAI The correlation between increased carbon concen-
tration and the modified PL response suggests that crack formation is
associated not only with structural discontinuities but also with local
chemical alterations. Increased carbon content reflects the accumula-
tion of organic material or localized demineralization, both of which
can change light absorption, scattering, and non-radiative relaxation
pathways [46], thereby influencing the luminescence response.

The small sample size could be considered as one of the main
limitations of the current study. However, the number of specimens
does not directly limit the number of measurements: 192 PL spectra
were acquired per tooth at twelve precisely identified points, and the
same points were extracted from the reconstructed 3D X-ray data using
the mesh structure created to coincide with the enamel contour, giving
more than 200 PL and X-ray measurements per sample and more
than 400 across the study. With six cracked and six pristine points
within a single tooth, the per-tooth PAI comparisons do not individually
reach significance (tooth 1: p = 0.086, tooth 2: p = 0.120). However,
pooling the measurement points across both teeth (n = 12 per group)
yields a statistically significant difference (p = 0.014) with a large
effect size (Cohen’s d ~ 1.1). The same direction and magnitude of the
effect appeared in both teeth, and together with the significant pooled
result, this supports the PAI as a reproducible measure of the spectral
difference between cracked and pristine regions. A larger sample size
will be needed to confirm the generality of this result and to assess the
repeatability and reproducibility of the combined measurement chain.

Taken together, the advances of this work are methodological.
The validated 3D surface mesh-assisted registration links volumetric
uCT and PL on an intact specimen with a co-localization bounded
by the laser spot size (diameter ~ 80 pm) and the uCT voxel size
( =7 x 7 x 7 pm®). This explicit identification of registration uncer-
tainty, together with the PAI, provides a reproducible measure of the
spectral difference between cracked and pristine enamel, supported by
complementary EDS evidence of compositional changes. Demonstrated
here on tooth enamel, the methodology is, by design, applicable to
other heterogeneous mineralized and composite materials that require
correlative volumetric and spectroscopic defect characterization.

5. Conclusions and outlook

Correlative characterization of micro-scale defects in heterogeneous
mineralized materials requires linking measurement modalities that
differ in resolution, contrast mechanism, and coordinate system.

To address this, a 3D mesh structure overlapping the outer enamel
surface of the tooth was created, bridging the 3D X-ray and spectral
images so that the same cracked and pristine areas could be identified
across modalities. The methodology was demonstrated on extracted
human premolars with enamel cracks, using X-ray uCT and PL as
the co-registered modalities and complementary EDS for compositional
characterization. The registration links the two modalities with a spatial
uncertainty bounded by the laser spot size (diameter ~ 80 pm) and
the uCT voxel size (x 7 x 7 x 7 um3). The presented protocol can be
applied to all the teeth’s microstructure and surface mapping analy-
sis, irrespective of tooth group or MC’s characteristics and position.
Orientation of the sample is key information for comparison between
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different imaging and spectroscopy techniques based on polarization of
light as well as X-rays.

Using this framework, a new important finding is that when an-
alyzing the intensity of normalized spectra, the shape of the spectra
changed, allowing determination of which part of the tooth it was
registered — cracked vs pristine. This change in spectral shape, quan-
tified by the PAI (1.16 in cracked vs 1.28 in pristine regions, pooled
across both teeth), was statistically significant (p = 0.014, Cohen’s d
~ 1.1). Thus, this empowers reverse spectro-spatial identification of the
damaged area by judging from the obtained PL spectrum. The observed
spectral variations are consistent with elemental differences between
cracked and good areas — in particular a relative increase in carbon
content at the crack sites (a 42% increase in the averaged values;
carbon-to-oxygen ratio rising from 0.46 to 0.84) — revealing an un-
derlying connection between composition and optical response. To our
knowledge, this is the first non-destructive study of such correlations
in the entire tooth. This integrated multispectral approach improves
the detection and characterization of MCs by offering a validated
methodology for assessing enamel integrity along cracks, combining
structural, optical, and elemental analysis.

Several outlook directions are opened by the validated framework.
A key limitation of the current implementation is the uCT voxel size
(~ 7 x 7 x 7 pm3), which sets a lower bound on the smallest crack
width that can be reliably detected. Higher-resolution X-ray imaging
techniques, such as lens-based X-ray microscopy and synchrotron nano-
CT [47], would lower the detection limit and enable determination
of crack-tip geometry and the structure of the enamel prism surface.
Since this mesh-assisted registration operates on the outer surface
rather than on voxel data directly, the same procedure can be applied
without modification to meshes generated from higher-resolution xCT
data. On the spectroscopic side, Raman microspectroscopy [48] reg-
istered through the same mesh framework would provide molecular
specificity and allow independent verification of the interpretation of
organic infiltration. Because the PL measurement is point-resolved and
surface-accessible, it is compatible with miniaturized fiber-optic probes,
opening the way for in vivo applications once optical-environment
challenges (e.g., saliva, biofilms, restorations) are addressed. When a
sufficiently large dataset is available, the validated spectra may also
support data-driven spectral classification; such methods are foreseen
as future extensions, evaluated under the same metrological criteria,
rather than as components of the current methodology. Longitudinal
research assessing the effectiveness of crack remineralization therapy,
guided by the diagnostic accuracy provided by our combined X-ray uCT
and PL approach, would be invaluable in translating these findings into
clinical practice.
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