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Although the measurement of tooth quality is necessary for precise prediction of caries formation,
typical measurement methods include tooth-hardness measurements and absorption spectroscopy,
which generally use infrared light irradiation. These methods are destructive or invasive, and obtaining
two-dimensional information in the oral cavity is difficult. Mid-infrared emissions from the surface of an
object reflect intrinsic vibrations of molecules in the object. In this study, a mid-infrared passive
spectroscopic imaging system was developed using an inexpensive uncooled microbolometer array
sensor with an optimized multi-slit, which eliminated the cancellation of interference intensities
between two adjacent emission points, to obtain two-dimensional information from an object without
external infrared light irradiation. First, the feasibility of obtaining two-dimensional information on tooth
quality using the proposed system was examined, and emission spectra attributed to phosphate ions in
hydroxyapatite (HAp), the main component of enamel, were successfully obtained from bovine teeth.
Further, the hardness of bovine teeth was measured, and a correlation (R> = 0.8067) between the
Vickers hardness and peak area ratio of phosphate ions assigned to the crystalline and amorphous
phases of a tooth was established. Additionally, tooth-hardness visualization in a non-contact manner
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1. Introduction

With dental research advancements leading to a global decline
in the prevalence of dental caries,"”” the focus of dental
research will shift to developing preemptive therapy for caries
formation after achieving precise prediction for sound and
noncavitated tooth surfaces with new evaluation methods.
Tooth enamel is a highly mineralized tissue comprising a
non-stoichiometric form of hydroxyapatite (HAp). Erosion of
tooth enamel by acidic drinks and foods causes tooth softening
due to demineralization,®* which increases the risk of caries
formation.>” As enamel surface softening is an early manifesta-
tion of erosion,® the risks of caries formation on enamel surfaces
can be quantified through hardness measurements. However,
such measurements involve destructive tests and entire tooth
surfaces cannot be measured owing to point analysis. Addition-
ally, no information on the structural changes that occur at the
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was demonstrated as two-dimensional information using the obtained regression equation.

molecular or atomic level of enamel surfaces during erosion is
provided.’

Usually, alterations in the mechanical properties (including
hardness) of erosive enamel are accompanied by chemical compo-
sition and/or structural changes in surfaces. Numerous techniques
including microradiography, chemical analysis, microscopy meth-
ods, secondary ion mass spectroscopy, and quantitative light-
induced fluorescence have been used to investigate chemical
changes mostly in vitro."®" Infrared absorption spectroscopy has
been extensively studied as a non-destructive method using
Fourier-transform infrared (FT-IR) spectroscopy;"*"'* however, this
technique is invasive because the infrared light irradiation causes
heat generation'® and obtaining two-dimensional (2-D) informa-
tion using FT-IR spectroscopy is difficult.

Recently, we developed a mid-infrared passive spectroscopic
imaging system using an imaging-type 2-D Fourier spectro-
meter.'®!” Our system employed an inexpensive uncooled micro-
bolometer array sensor, and the optimized multi-slit grating to
prevent bright spot cancellations was used to acquire 2-D spectral
information from weak light emitted from a target without external
light irradiation. The mid-infrared passive spectroscopic imaging
system is expected to obtain compositional and/or molecular-level
structural changes two-dimensionally and non-invasively, and our
previous study is the first to detect light emission from glucose
molecules present in the human body two-dimensionally using
the system in a non-contact manner.'® Furthermore, a strong
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correlation between the intensity of light emitted from glucose
and the blood glucose concentration measured by an invasive
sensor from the wrist at regular intervals was established.®
Hence, our system is anticipated to find applications in real-
time monitoring of diabetic patients (to detect hypoglycemic
attacks during sleep or hyperglycemia in a population). This
innovative mid-infrared passive spectroscopic imaging system
is also expected to enable the measurement of a wide variety of
objects including inorganic materials and hard biological
tissues.

This study is the first to visualize changes two-dimensionally
in the tissue quality (i.e., tooth hardness) accompanied by
structural changes using the mid-infrared passive spectro-
scopic imaging system. Initially, we measured a bovine enamel
and evaluated the possibility of obtaining information on tooth
composition or structure. Thereafter, we investigated the cor-
relation between the acquired emission spectrum and tooth
hardness measured using a Vickers hardness tester. Finally, we
visualized tooth hardness two-dimensionally from tooth emis-
sion spectrum using a regression equation between them.

2. Experimental

2.1. Instrumentation

The configuration diagram of the mid-infrared passive spectro-
scopic imaging system used in this study is illustrated in Fig. 1.
The system comprised a 2-D light-receiving device, lens system
(imaging, objective, and interchangeable lenses) for focusing
the light emitted from a target onto the detection surface, and
variable phase shifter installed in the optical system. Boson 320
microbolometer (Teledyne FLIR, Tokyo, Japan) used in thermo-
graphic cameras was employed as a detector. Ge aspherical
lenses (focal length (F) = 15 mm, diameter (d) = 25 mm) were
used as the imaging and objective lenses. Another Ge aspheric
lens (F = 15 mm; d = 50 mm) was used as an interchangeable
lens. The system employed a multi-slit to eliminate cancellation
of interference intensities between two adjacent emission
points.'® As a result, the sensitivity of the system was higher
than that of Michelson interferometers used in general FT-IR
spectroscopy.'” The variable phase shifter comprised fixed and
moving mirrors (size = 15 x 30 mm” each) coated with gold to
exhibit high reflectance over a wide wavelength range, from
ultraviolet to infrared. A part of the light emitted from the local

2-D light
receiving
device

2-D light
receiving
device

Multi-slit

Imaging
lens

: Multi-slit R
i Variable®
: @ phase shifter
_________________ | U o | Interchangeable
° lens
Variable phase Objective  Interchangeable 7SS

shifter lens lens

Fig. 1 Experimental setup. (A) An illustration of the basic structure and (B)
a digital photograph of imaging- type 2-D Fourier spectrometer.
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target area was reflected by the fixed mirror, while the rest was
reflected by the movable mirror; these two lights interfered at the
detector. The interference intensity was dependent on the mirror
position. An interferogram was obtained from a continuous
measurement of interference intensity at a specific pixel on the
detector for which the target was in focus while operating the
moving mirror. The spectrum at the specified pixel was obtained
by Fourier transformation of the interferogram. A 2-D spectroscopic
image was obtained by performing the aforementioned procedure
for all pixels in the 2-D array detector. The measurement band of the
device ranged from 1428 to 714 cm ™" in wavenumber (7 to 14 um in
wavelength), and the number of pixels of the detector was 320 x 256.

2.2.
tooth

Mid-Infrared passive spectroscopic imaging for bovine

The digital photographs of the optical system and bovine tooth
(approximately 6 x 4 x 2 mm?® with ~1 mm thick enamel and
~1 mm thick dentine) used for experiments are shown in
Fig. 2. For this study, permanent bovine mandibular incisors,
without any cracks or carious defects, collected from a slaugh-
terhouse were used owing to their morphological similarity to
human teeth.>® The bovine teeth were trimmed/grinded with
#1000 silicon carbide abrasive papers and the enamel side was
polished with 1 um alumina under pure water irrigation
followed by ultrasonic washing thrice with pure water for 10 s
and removing excess water with filter paper before use. As
shown in Fig. 2A, the optical system comprised the spectro-
scope described in Section 2.1 and interchangeable Ge lens
(d = 50 mm, F = 0.5) with an infinite conjugate ratio. The
distance between the target and interchangeable lens was set to
200 mm, and the field of view was 35 x 20 mm?> Each
measurement required 40 s, and four measurements were per-
formed for each sample (total measurement time = 160 s). Four
interferograms on a pixel obtained from four 40-sec measurements
were averaged, and a 2-D interferogram image was obtained after
averaging 20 x 20 pixels in the image. In the first experiment, three
areas with high interference intensities in the teeth were selected
(Fig. 3A), and the spectra were obtained after Fourier transformation.

2.3. Investigation of the correlation between tooth hardness
and emission spectra

To investigate the relationship between tooth hardness and the
emission spectra obtained using mid-infrared passive spectroscopic

A B

Interchangeable lens X

Imaging type

2-D Fourier
spectrometer

Fig. 2 Measurement of bovine tooth by mid-infrared passive spectro-
scopic imaging. Digital photographs of (A) the experimental setup and (B) a
bovine tooth sample used in this study.
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Fig. 3 Mid-infrared passive spectroscopic imaging of a bovine tooth
enamel. (A) Mid-infrared image without variable phase shifter operation.
(B) Emission spectra at points (a)—(c) indicated in Fig. 3A. (C) Pseudo-color
image obtained by subtracting the background emission intensity at
8.7 um from the phosphate-derived peak intensity at 9.6 um.

imaging, the phosphate-derived emission peak at a wave-
length of 9.6 pm in each spectrum was deconvoluted into
crystalline and amorphous phases®’ using a software
(MagicPlot, Ver. 3.0.1, MagicPlot Systems, LLC, Saint Peters-
burg, Russia). The area ratios of the peaks assigned to the
crystalline and amorphous phases were calculated. Vickers
hardness of each tooth was measured at 100 gf for 15 s using
a microhardness tester (FM-700; Future-Tech Corp., Kana-
gawa, Japan). Mid-infrared passive spectroscopic imaging
measurements and hardness tests were performed on the
same teeth at their central position (1.5 x 1.5 mm), and 30
bovine teeth of different hardness (150-350 HV) were eval-
uated in this study. Furthermore, the effects of acid erosion
on teeth hardness and spectra were evaluated, where
12 bovine teeth (258 + 41 HV) were immersed in 1.0 mL of
0.03 mol L™ citric acid (Nacalai Tesque Inc., Kyoto, Japan)
for 5, 15, 30, or 60 min (N = 3 for each immersion time) and
analyzed following the aforementioned procedure.

2.4. Visualization of bovine tooth hardness from emission
spectra

Tooth hardness was visualized two-dimensionally from the
emission spectra of the tooth obtained using mid-infrared
passive spectroscopic imaging. Visualization was conducted
before and after a drop (6 pL) of 0.03 mol L' citric acid
solution was set at the center (~2 mm in diameter) of the
teeth (6 x 4 mm?®) at room temperature, followed by washing
with pure water and removing the excess water with filter paper.
The 2-D hardness was observed as a color map based on the
hardness estimated from a regression equation obtained from
the procedure described in Section 2.3. In this experiment, the
2-D interferogram image was obtained after averaging 6 x 6
pixels in the image.
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3. Results

3.1. Mid-infrared passive spectroscopic imaging
measurements for bovine teeth

The mid-infrared image obtained without variable phase shifter
operation is shown in Fig. 3A. The tooth emitted light, while
obvious contrast could not be observed within the tooth. The
emission spectra at the points (a-c) shown in Fig. 3A are
presented in Fig. 3B. Attributed to phosphate ions in HAp,>?
an emission peak at 9.6 pm was detected in each spectrum. By
subtracting the emission intensity at 9.6 pm from the back-
ground intensity at 8.7 pm, the presence of the tooth was clearly
confirmed, as shown in Fig. 3C. Thus, mid-infrared passive
spectroscopic imaging was confirmed to detect bovine teeth
and information on the chemical composition or molecular
structure could be obtained from the emission spectrum.

3.2. Relationship between teeth hardness and emission
spectrum

As shown in Fig. 4A, the phosphate-derived peaks between 900
and 1200 cm ' (between 11.1 and 8.4 um in wavelength,
respectively) could be deconvoluted into six components:*!
symmetric (v;) P-O stretching component at ~950 cm '
(10.5 um in wavelength) of phosphate ions in amorphous
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Fig. 4 Relationship between tooth hardness and emission spectrum
assigned to crystalline and amorphous calcium phosphate. (A) Emission
peak after deconvolution into six peaks based on a previous studyA21 (B)
Correlation between peak area ratio of amorphous to crystalline and
Vickers hardness of teeth. (C) Correlation between tooth hardness and
peak area ratio of amorphous to crystalline before and after immersion of
tooth in citric acid solution. The same alphabets (e.g., A and A’) indicate the
same sample before and after immersion.
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calcium phosphate; three anti-symmetric (v3) P-O stretching
components at ~1010, 1050, and 1110 ecm ™! (9.9, 9.5, and
9.0 um in wavelength, respectively) of phosphate ions in crystal-
line HAp; and two components at ~1150 and 980 cm '
(8.7 and 10.2 pm in wavelength, respectively), which may both
arise from HPO,>".*' In this study, the area ratio of the v,
component of amorphous calcium phosphate and the three v;
components of crystalline HAp showed a negative correlation
(R* = 0.8067) with Vickers hardness. Furthermore, the samples
after immersion in citric acid solution to reduce their hardness
showed almost the same correlation, as shown in Fig. 4C. In
Fig. 4C, the hardness after immersion for 5 min (A’-C’) was
smaller than that for 60 min (J'), and the three hardness data
points for 60 min (J'-L’) were scattered, which may reflect the
difference in the initial hardness before immersion. Notably,
no strong correlation was observed for the intensity at 9.6 pm
before the deconvolution or the components of HPO,>~ after
the deconvolution (data omitted).

3.3. Two-dimensional visualization of bovine tooth hardness
from emission spectra

In emission spectra (Fig. 5A) of the bovine teeth before and
after dropping the citric acid solution at the center of teeth
followed by washing with pure water and removing the excess
water on the surface (Fig. 5B), the phosphate-derived peaks
between 11.1 and 8.4 um (in wavelength) changed after the
drop. Using the regression line shown in Fig. 4B, hardness was
estimated two-dimensionally as shown in Fig. 5C. From the
obtained results, the change in hardness due to acid treatment
was confirmed to be clearly detected by 2-D imaging.
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Fig. 5 Two-dimensional visualization of bovine tooth-hardness from the
emission spectra. (A) Emission spectra of bovine tooth before and after
dropping citric acid solution followed by washing with pure water and
removing the excess water on the surface. (B) Digital photograph of citric
acid solution droplet on a tooth before washing. (C) Visualization of bovine
tooth hardness as a pseudo-color map from emission spectra at 53
locations on the bovine tooth.
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4. Discussion

Generally, infrared spectroscopic imaging uses absorption
spectroscopy that irradiates a target with external light and
detects the light transmitted or reflected by the target.”* In
absorption spectroscopy, component information can be
obtained from the absorbance spectrum calculated from the
energy loss of external light by the intrinsic vibrations of
molecules in the target.>® Therefore, some limitations to
absorption spectroscopy exist: the measurement is invasive as
light source is a heat source’ and measurement of three-
dimensional objects is difficult due to the unevenness in light
irradiation and detection angle.>* Based on Planck’s law, a mid-
infrared light (~10 pm in wavelength) is emitted from the
surface of a living body with an intensity corresponding to the
body temperature (~300 K).>> In mid-infrared passive spectro-
scopic imaging, component information can be obtained from
emission spectrum, which reflects the intrinsic vibrations of
molecules. Therefore, non-invasive measurements regardless of
the surface topography are possible using mid-infrared passive
spectroscopic imaging.

Thermal emission spectroscopy (TES)*® is an antecedent
mid-infrared passive spectroscopic imaging technique; how-
ever, TES is an expensive point-measurement method. The
optical system of TES comprises a Michelson interferometer
that uses mercury cadmium telluride (MCT) as the photo-
detector.”® Therefore, the TES system is vulnerable to mechan-
ical vibrations and is not portable. On the other hand, the
imaging-type 2-D Fourier spectrometer used in this study is
compact, inexpensive, and robust against mechanical
vibration.”” The 2-D spectral characteristics that eliminates
the cancellation of interference intensity between bright spots
can be obtained through the use of multi-slit grating. In this
study, the measurement distance is fixed at 200 mm; however,
theoretically, the measured performance of the spectrometer is
considered independent of distance because the light emitted
from the target is omni-directional. Hence, the areal density of
light incident on the spectrometer from a single emission point
decreases as the measurement distance increases (the areal
density is inversely proportional to the square of the distance),
whereas the field-of-view area per pixel increases in proportion
to the square of the distance. These two relationships cancel
the effect of distance, resulting in a distance-independent
measurement.

In this study, mid-infrared passive spectroscopic imaging is
performed on bovine teeth after polishing to remove organic
contaminants from their surface. As emission intensities from
objects are proportional to their volumes according to Planck
radiation law, and the range of infrared absorption by organics
is different from that of phosphate-derived absorption,*® thin-
layered organic contamination would not have a significant
effect on the emission spectra.

In future, the motion of the target or spectroscope should be
considered for further improvement because each measure-
ment in this study requires 160 s and the measurements are
performed for a fixed target. Since the spectroscope used in this
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study has no tracking function to follow the movements or
vibrations of the target during measurement, we are consider-
ing improvements in the image processing technology,*®°
along with the introduction of a tracking system for moving
objects.>* Additionally, a direct measurement of teeth back-
side using the considered spectroscope is difficult owing to its
size compared with the oral cavity. Therefore, we plan to use
our one-shot Fourier spectrometer,®* whose size is the same as
a bean, inside the oral cavity.

Since the characteristic emission at ~9.6 pm (in wave-
length) of the bovine tooth is attributed to enamel crystals,
the deconvolution of the characteristic emission into crystalline
HAp and amorphous calcium phosphate phases correlates
tooth hardness with the peak area of the amorphous phase
relative to that of the crystalline phase (the ratio of amorphous
to crystalline). According to a previous study,?' the crystallinity
or crystal size of HAp is related to the hardness of teeth and
bones; our procedure for tooth hardness visualization from
emission spectra is based on the same phenomenon. Further-
more, the deconvolution of each spectrum in this study is
performed manually; however, correlations between emission
spectrum and hardness can be achieved using machine
learning®® after collecting a large amount of data.

This study demonstrated the 2-D qualification of sound and non-
cavitated tooth surfaces by our system, and our system is also
expected to be useful for the quality evaluation of artificially miner-
alized (armored) tooth surfaces by several methods such as laser-
assisted biomineralization methods***” in the patient’s oral cavity.

There are three major limitations in this study. First, teeth
trimmed to approximately 1 mm thick enamel with 1 mm
dentin at the bottom were used in this study. Hence, future
study should check the effects of enamel thickness and the
dentin condition. Second, the mid-infrared spectral imaging
was performed in air at room temperature. Therefore, future
study should check the effects of humidity and temperature.
Third, bovine teeth were used in this study. Hence, future study
should reconfirm the findings by conducting larger-scale stu-
dies with human teeth in oral cavities with generalizing the
findings and applying them to real situations.

5. Conclusions

We investigate the use of mid-infrared passive spectroscopic
imaging for 2-D visualization of tooth hardness. The emission
peaks are attributed to the phosphate ions in crystalline HAp, the
main component of teeth, and amorphous calcium phosphate.
Additionally, we observe a negative correlation between tooth
hardness and the peak area ratio of the amorphous phase to the
crystalline phase. The results of this study can be used to predict
the risk of caries formation non-invasively and conveniently.
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