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ABSTRACT

Laser induced photothermal radiometry (PTR) was applied as a safe, non-destructive, and highly sensitive tool for the
detection of early tooth surface demineralization. In the experiments, teeth were treated sequentially with an artificial
demineralization gel to simulate controlled mineral loss on the enamel surface. Modulated laser light generated infrared
blackbody radiation from teeth upon absorption and nonradiative energy conversion. The infrared flux emitted by the
treated region of the tooth surface and sub-surface was monitored with an infrared detector twice: before and after
treatment. The experiments showed very high sensitivity of the measured signal to incipient changes in the enamel
structure, emphasizing the clinical capabilities of the method. In order to analyze the biothermophotonic phenomena in a
sample during the photothermal excitation, a theoretical model featuring coupled diffuse-photon-density-wave and
thermal-wave fields was developed. The theoretical fits based on the three-layer approach (demineralizad enamel +
healthy enamel + dentin) allowed fitting thermal and optical properties of the demineralized layer. The theoretical
analysis showed that the dentin layer should be taken into account in the fittings.
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1. INTRODUCTION

During the past decades, photothermal techniques have become increasingly popular in the field of non-
destructive evaluation of thermal and optical properties of materials. This family of techniques can be used not only for
optical and thermal evaluation, but they also have a huge potential for biomedical imaging and detection due to their
non-invasive character. Among them, coupled-field (photoacoustc and photothermal) techniques recently attracted much
attention since the secondary (acoustic or thermal) signal detection can significantly increase resolution of pure optical
diagnostics and imaging, and allows comprehensive and simultaneous analysis of optical and thermal properties of tissue
during laser irradiation. This type of analysis is inevitably necessary for a majority of laser-tissue interaction processes.

Both pulsed and frequency-domain modes of photothermal radiometry are based on the thermal infrared
response of a medium to a single-pulse (or frequency-modulated) laser irradiation following optical-to-thermal energy
conversion. The generated signals carry subsurface information in the form of a temperature depth integral, allowing
analysis of the medium well below the range of optical imaging. Based on the measured infrared signal, both optical and
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thermal characteristics of tissues can be evaluated non-invasively. Pulsed photothermal radiometry was applied to
various tissue measurements, including dental enamel.'* However, the temporal decay of the thermal pulse represents
only one signal channel available to analysis, requiring an additional independent optical measurement to extract a
reliable set of optical parameters.’

Frequency-domain photothermal radiometry provides two signal channels (amplitude and phase). In this method,
harmonically modulated laser beam generates diffuse-photon-density waves in a turbid medium. Following photon
migration and scattering, the absorbed fraction of the diffusive light creates an oscillatory temperature (thermal-wave)
field, which is detected radiometrically.

The complete theoretical formalism of photothermal radiometry includes the description of two fields: optical and
thermal. A method for non-invasive simultaneous optical and thermal characterization of turbid media has been
introduced,”” in which the authors developed a rigorous three-dimensional model for frequency-domain photothermal
radiometry, where the diffuse-photon-density field in the laser-irradiated tissue acts as a modulated source for the
thermal—éwave field. This method was later applied for the optical and thermal evaluation of homogeneous dental
enamel.

However, in many cases biological tissues such as skin, teeth, etc. are not homogeneous and should be represented as a
layered structure. There are a number of studies on the optical evaluation of a layered medium. Steady-state, time-
resolved, and frequency-domain optical fields in a two-layer turbid medium have been examined within the diffusion
approximation of the radiative transport equation.”'” There studies demonstrated good potential for estimating the optical
properties and/or the layered structure of tissue using the diffusion approximation theory fitted to measured”® or Monte
Carlo simulated”'"'? reflectance data. A Fourier transform-based solution for the diffusion approximation was presented
for a two-layered” " tissue analysis. The authors calculated depth profiles and time-domain dependence of reflectance for
a layered matched medium and compared the results to the Monte Carlo generated reflectance profiles.

In this paper, we apply the theoretical formalism developed for the frequency-domain photothermal radiometry of a
single-layer turbid medium™” to the three-layer case and show the capabilities of the model to describe diffuse-photon-
density and thermal-wave profiles as a function of the properties of the layers. The comparison of the theoretical profiles
to the experimental results on the artificial demineralization of dental enamel leads to evaluation of optical and thermal
properties of demineralized teeth as one-dimensional three-layer structures.

The motivation for these studies is the assessment of the capabilities of photothermal radiometry to monitor
quantitatively the demineralization of dental enamel due to natural processes, such as by acids produced through
bacterial metabolic activities or contained in food and drinks. In fact, early carious lesions, where the demineralization
of the underlying enamel crystal structure has just started, are not detectable by conventional visual diagnostics or dental
radiographs. In order to improve detection accuracy and to use non-radiographic methods, the application of a laser-
induced non-invasive technique, such as the frequency-domain photothermal radiometry, for early detection of caries
becomes very promising.

2. EXPERIMENTAL SETUP AND PROCEDURE

In the experiments, teeth (Fig. 1) were treated sequentially with an artificial demineralization gel (0.1M lactic
acid, 0.1M NaOH to raise the pH to 4.5, and 6% w/v hydroxyethylcellulose) to simulate controlled mineral loss on the
enamel surface. The experimental setup (Fig. 2) included a semiconductor laser (659 nm, 80mW) as a source of the PTR
signal. During the experiments, frequency scans were performed at the treatment location.

Here, the diameter of the laser beam was a key issue in order to achieve one-dimensionality of the thermal-wave field, so

the adoption of the one-dimensional theory for the analysis of the process would be justified. Preliminary tests showed
that 3 mm was the minimal beam width assuring one-dimensional thermal-wave profile.
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Treatment point

Fig. 1. Tooth sample and treatment spot.

Modulated laser light generated infrared blackbody radiation from teeth upon absorption and nonradiative
energy conversion. The infrared flux emitted by the treated region of the tooth surface was focused by two off-axis
paraboloidal mirrors and was monitored with a mercury-cadmium-telluride (MCT) infrared detector. The measurements
were performed in the frequency-scan mode, i.e. monitoring the output signal as a function of modulation frequency of
the incident laser beam. The samples were mounted on LEGO bricks, which ensured their accurate placement in the
holders for scanning, and controlled by precision micro-stages. The output signal was acquired automatically using

developed instrument control software, so no operator input influenced the results.
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Fig. 2. Experimental setup.
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The output voltage was measured at the same spot three times: before and after 2 and 4 days of the demineralization
treatment. Due to the change in the properties of enamel in the etched region, the emitted flux profiles changed after each
treatment.

3. THEORY

As a result of the incident laser radiation, duffuse-photon-density distribution occurs inside the turbid medium.
It can be divided into two components,® namely coherent and diffuse:

Y, (z0)=Y, (z0)+Y,(z0) (1)

i

Here and further in the text, the subscript i denotes 1 — demineralized layer, 2 — intact enamel, 3 — dentin (Fig.3).
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Fig. 3. Tooth structure.

The one-dimensional coherent photon-density field takes into account reduction of the incident intensity due to scattering
and absorption:

¥, =1,(1-R)exp(—p,z) 2)
where [ is the laser intensity, R is the reflectivity of the outermost turbid medium (enamel), and
Hy, = My, 1 3)

Here, y, is the total attenuation coefficient of layer 7, which includes the absorption coefficient, x4, [m'], and the
scattering coefficient, z; [m™'], of the medium.

The dc form of the diffuse component for every layer can be written as:®
2

d 1
?\Pd(z)_?,/umu'zlPd(Z)=_BG(Z) (4)

where the forcing function G is equal to:
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Boundary conditions were applied as published by the authors,™* with the continuity of heat and flux between the
boundaries. Yet, it should be noted here that no distinct boundary exists between the demineralized layer and the healthy
enamel. There is a gradual change in enamel conditions running from demineralized to healthy enamel, so the adopted
layered structure of enamel should be considered as an approximation only.

The optical absorption coefficient was defined as:

1
D= P (6)
34,
where the reduced attenuation coefficient is:
=, +(1-8)u ©

For tissues, the reduced attenuation coefficient is much smaller than the total attenuation coefficient, Eq. (3), due to a
high value of the mean cosine of the scattering angle g, which is close to unity for highly scattering turbid media."”

The total diffuse photon density field, Eq. (1), is a source of the much more slowly propagating thermal-wave field given
by:
? U
7 T(z;0)- 0T (z;0) =—77NR7“"PZI_ (z;0) (7)

where

o, = [— (8)

is the thermal-wave number, [m™'], which depends on the modulation frequency and thermal diffusivity a, [m?’s™], of the
i-th layer. During theoretical modeling three-layer structure was adopted as depicted in Fig. 4. At the air-solid interface, z
= 0, third kind boundary conditions were adopted, whereas, continuity of thermal-wave field and flux between the
boundaries were assumed at all remaining interfaces, resulting in the thermal-wave field distribution as a function of
depth and modulation frequency.

Laser
beam

(1 @ 3)

0 L Li+L, z

Fig. 4. Three-layer scheme.

The resulting theoretical PTR signal is a function of the effective mean infrared absorption coefficient of the medium
M, and the thermal-wave field obtained as a solution of Eq. (8). The three-layered approach gives:
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Vorg = Cliy ITI (z; a))exp(—umz)dz+ J T, (z;a))exp(—ymz)dz+ I T, (z; a))exp(—,umz)dz 9
0 L L+1y

The instrumental constant ¢ was normalized out by dividing experimental and theoretical curves by the first point of the
intact enamel frequency scans.

4. RESULTS AND DISCUSSION

The experimental results for the PTR frequency scans before and after 2 and 4 days of tooth demineralization
are shown in Fig. 5. The artificial demineralization solution applied in the experiments simulates the natural
demineralization process, which is very slow. However, even after 2 days of treatment, the PTR signal shows clear
change, indicating high sensitivity of the method to incipient demineralization. After 4 days of demineralization, the
sample was sectioned and underwent Transversal Micro-Radiography (TMR) measurements, which showed that the
thickness of the demineralized layer was equal to 48.2 um. This tiny layer could not be detected visually or with X-ray
examination. This makes the PTR method a very promising tool for the detection of incipient changes in the enamel.

At high frequencies, the optical energy deposition within one period decreases, so the resulting thermal energy content
and flux emitted from the sample decreases proportionally. This leads to lower amplitude values and very low signal-to-
noise ratio, especially for the phase, which undergoes relatively small changes compared to amplitude (note the linear
scale in Fig. 5b as opposed to logarithmic scale in Fig. 5a) and is more sensitive to the changes in sample properties. This
phenomenon is clearly indicated in Fig. 5 showing large error bars of the phase curves at high frequencies. Therefore,
only low- and middle-frequency ranges were used in the theoretical fittings. The thermal and optical parameters of intact
enamel and dentin used as initial values for the fittings are summarized in Table 1.

First, the analysis of the impact of the dentin layer on the theoretical description of the process was investigated. To this
end, the experimental curves for the intact tooth sample were fitted using Eq. (9) with L; = 0, L, = finite (fitted number),
L; = oo, i.e. the enamel layer has finite thickness and dentin properties are taken into account. Then, the theoretical signal
was calculated with the obtained properties and infinite enamel thickness L, = oo, so the dentin properties become
negligible in this case.

The results of the comparison of the calculations are presented in Fig. 6. There is significant difference between the
curves, especially in the low frequency region of the phase curve, where the thermal diffusion depth A is large. Here, the
thermal-wave field propagates more deeply into the sample. Consequently, the first approach, which takes into account
the dentin layer, can describe the experimental data better, especially for the sensitive phase curve. Therefore, it becomes
necessary to include the dentin layer in computational fits, although it makes the calculations slightly more complicated.

Table 1. The initial parameters of intact enamel and dentin used in the fits.'®'®
Optical absorption | Optical scattering Thermal Thermal
coefficient coefficient diffusivity conductivity
s, m’ s, m’ a, m*/s x, W/mK
Enamel <100 60001800 (4.2 - 4.69)-107 0.913-0.926
Dentin 300-400 28000+8400 (1.87 —2.6)10” 0.577-0.623
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Fig. 5. PTR frequency scans, (a) amplitude and (b) phase, before treatment and after 2 and 4 days of treatment.
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Fig. 6. Amplitude (a) and phase (b) of experimental and fitted curves for the intact tooth signal. Fitted parameters of enamel:
ty =100 m™", p, =4000 m™, a=4.2x107 m%/s, x = 0.92 W/mK. Fitted parameters of dentin: p, = 300 m™, pi; = 36000
m’, a=1.87x107 m%s, x = 0.6 W/mK. Demineralized enamel thickness L, = 0 um, fitted intact enamel thickness L, =
648.44 pm (according to SEM image, the thickness in the measured region varies between about 600 to 700 pm). Fitted
mean infrared absorption coefficient p = 101554m’™".

The frequency scans of the tooth sample treated for 4 days were fitted (Fig. 7) using the three-layer theoretical model Eq.
(9) and the fitted optical and thermal parameters of intact enamel and dentin. The thickness of the demineralized enamel
in the fits is equal to L; = 48.2 pm, according to the TMR measurements. The parameters of the demineralized layer
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obtained as a result of the fits show decrease in the optical absorption coefficient after demineralization. This can be
caused by increasing porosity, which decreases the number of absorbing particles in the layer. The same reason can lead
to the decrease in the thermal parameters of the demineralized layer. Although the resulting infrared absorption
coefficient didn’t change, this is probably due to the fact that the mean infrared absorption in the entire sample would
tend to mask the ultrathin layer contributions to its overall value. The investigation of these phenomena and the accuracy
of the fitting procedure is the subject of future work.
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Fig. 7. Amplitude (a) and phase (b) of experimental and fitted curves for tooth demineralized for 4 days. Fitted parameters
of demineralized enamel: p, = 2.3 m™, pu,=4000 m™, a = 1.4 x10” m?%/s, k = 0.56 W/mK. Parameters of intact enamel
and dentin are the same as in Fig.6. Demineralized enamel thickness L; = 48.2 pum, intact enamel thickness L, = 648.44
um. Fitted mean infrared absorption coefficient pr = 101554 m'.
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The results of the study demonstrated the potential of the photothermal radiometry to detect incipient changes in hard
biological tissues such as human dental enamel. The experiments showed very high sensitivity of the measured signal to
the changes in the enamel structure and properties, emphasizing the clinical capabilities of the method. The developed
theoretical model, featuring coupled diffuse-photon-density-wave and thermal-wave fields, allowed fitting thermal and
optical properties of tooth sample layers. The theoretical analysis showed that dentin properties should be taken into

5. CONCLUSIONS

account in the fits.
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