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ABSTRACT. Significance: In the analysis of two-layered turbid dental tissues, the outer finite-
thickness layer is modeled by an optical transport coefficient distinct from its under-
lying semi-infinite substrate layer. The optical and thermophysical parameters of
healthy and carious teeth across the various wavelengths were measured leading
to the determination of the degree of reliability of each of the fitted parameters, with
most reliable being thermal diffusivity and conductivity, enamel thickness, and opti-
cal transport coefficient of the enamel layer. Quantitative pixel-by-pixel images of the
key reliable optical and thermophysical parameters were constructed.

Aim: We introduced a theoretical model of pulsed photothermal radiometry based
on conduction-radiation theory and applied to quantitative photothermal detection
and imaging of biomaterials. The theoretical model integrates a combination of
inverse Fourier transformation techniques, avoiding the conventional cumbersome
analytical Laplace transform method.

Approach: Two dental samples were selected for analysis: the first sample featured
controlled, artificially induced early caries on a healthy tooth surface, while the sec-
ond sample exhibited natural defects along with an internal filling. Using an Nd:YAG
laser and specific optical parametric oscillator (OPO) wavelengths (675, 700, 750,
and 808 nm), photothermal transient signals were captured from different points on
these teeth and analyzed as a function of OPO wavelength. Measurements were
also performed with an 808-nm laser diode for comparison with the same OPO
wavelength excitation, particularly for the second sample with natural defects.

Results: The findings demonstrated that the photothermal transient signals exhibit
a fast-decaying pattern at shorter wavelengths due to their higher scattering nature,
while increased scattering and absorption in the carious regions masked conductive
and radiative contributions from the underlayer. These observations were cross-
validated using micro-computed tomography, which also enabled the examination
of signal patterns at different tooth locations.

Conclusions: The results of our study showed the impact of optical and thermal
characteristics of two-layered turbid dental tissues via an inverse Fourier technique,
as well as the interactions between these layers, on the patterns observed in depth
profiles.
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1 Introduction
In recent decades, there has been a growing trend in utilizing photothermal techniques for non-
destructive evaluation of thermal and optical properties of biological samples. These techniques
are particularly focused on accurate measurements of the optical scattering and absorption prop-
erties of both normal and abnormal tissue. Pulsed photothermal radiometry (PPTR) relies on the
thermal infrared emission of a material response to a laser pulse, followed by heat transport
through radiation and conduction.1 The PPTR technique conveys information about subsurface
features in the form of temperature depth integrals. A key aspect of this technique is to identify
early defects and subsurface characteristics and to assess the depth of such defects through heat
pulse characteristics and transient changes in temperature distribution over time. Typically, when
dealing with such scenarios, a homogeneous tissue model with a single layer of infinite depth is
used, and the diffusion equation is solved at the surface while considering relevant boundary
conditions. Nevertheless, biological tissues, such as skin or teeth, are often not uniform in their
composition and should be considered as layered structures. Hence, PPTR was used to study
layered materials and more specifically the effect of a subsurface absorber on the time-
dependence of the PPTR signal such as human skin. Initially, a simple theoretical model was
developed to understand the PPTR signal transient.2 The model assumed thermally homogeneous
layers with the semi-infinite substrate having a finite absorption coefficient. Although the upper-
most layer’s absorption coefficient was set to zero, the obtained PPTR signal displayed a dis-
tinctive rounded peak. This peak suggested the existence of an absorptive material beneath the
surface at a specific depth. Another study introduced a diffusion model that explained the photon
flux and considered the influence of scattering and absorption through the epidermal, dermal, and
subcutaneous tissue layers of skin, including explicit treatment of anisotropic scattering and dif-
fuse specular reflection.3 Later, a theory was derived based on the diffusion approximation of the
radiative transport equation which accurately models the time course of the detected PPTR signal
in semi-infinite scattering and absorbing one-layer media.4 The model was improved further to
describe the PPTR signal based on optical diffusion theory for a two-layer, semi-infinite medium
with a surface layer having different optical absorption and scattering properties than the under-
lying layer while the thermal properties of both layers remained constant.5

Teeth are complex multilayered biological tissues that are made up of different tissues,
including enamel, dentin, cementum, and pulp. Dental caries is a disease that involves the gradual
breakdown of hard tissues in teeth, starting with the enamel and later progressing to the dentin.6

This decay occurs in small spots and is caused by the acids produced by bacteria when they break
down carbohydrates from food. Early enamel lesions generally exhibit an intact hard outer sur-
face, while subsurface demineralization takes place.7 Despite this, the tooth surface is not dis-
rupted due to the preferential remineralization that occurs there, which is facilitated by higher
concentrations of calcium and phosphate ions. Pores in the lesion due to partial dissolution of
mineral crystals scatter visible and near-IR light strongly. This porosity caused by selective dis-
solution increases the scattering coefficient in the lesion by one to two orders of magnitude com-
pared to healthy tissue.8 Light scattering in sound enamel and dentin is sufficiently strong in the
visible range to obscure transmission through the tooth. Enamel only weakly absorbs visible light
and scatters it less as the wavelength increases, especially in the near-infrared region.9 Several
theoretical models utilizing photothermal radiometry have been established for the quantitative
assessment of the optical and thermal characteristics of both healthy and demineralized dental
enamel. The optical and thermal properties of teeth have been the focus of a number of studies.
Zuerlein et al.10 used a simple one-dimensional heat conduction equation to determine the
absorption depth of bovine enamel at 9.6, 10.3, and 10.6 μm wavelengths. In that study, the
absorption depths at various wavelengths and other parameters such as pulse duration and the
number of incident pulses were required to precisely control the treatment depth of dental
enamel. Nicolaides et al.11 used a coupled diffuse-photon-density and thermal-wave technique
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for quantitative dental measurements using simultaneous frequency-domain PTR and lumines-
cence. The technique works by measuring the thermal and luminescent responses of teeth to a
modulated laser beam, and using this information it determines the thermal diffusivity and lumi-
nescence properties of the dental tissue.11 Later, the theoretical model that was originally devel-
oped for frequency-domain photothermal radiometry of single layer dental tissue (enamel or
dentin) was further improved to include multiple layers and was extensively used to study the
optical and thermal characteristics of both healthy and demineralized enamel at a specific exci-
tation wavelength of 659 nm.12

In this paper, a one-dimensional PPTR theoretical model is constructed to describe concur-
rent conduction and radiation heat transfer within a two-layer substance, with particular focus on
dental materials and structure. With the intention of investigating the thermal and optical char-
acteristics of healthy and demineralized enamel, we consider the problem of an absorbing and
scattering demineralized enamel layer in intimate contact with a semi-infinite absorbing and
scattering healthy enamel substrate where each layer has its unique photothermal properties.
In addition, on the surface of the demineralized enamel, there is a mineralized superficial enamel
layer overlying the intact surface layer and body of the demineralization lesion, responsible for
localized light absorption and scattering, also verified by transverse microradiography as the gold
standard to obtain the mineral profile of carious and healthy enamel, particularly the depth of
carious lesions.13–15 Regarding conduction and radiation heat transfer within sound enamel, the
finite upper layer comprises enamel, while the underlying layer consists of semi-infinite dentin.
Here, we use the PPTR Fourier spectral theory to evaluate the various system parameters in the
frequency domain where a complete analytical expression can be derived, then linked to the time-
domain theory and experimental data through an efficient inverse Fourier transformation algo-
rithm, thereby using a hybrid analytical approach so that the theoretical interpretation of exper-
imental signals can adequately take into account all thermal and optical parameters of the system
under examination in a rigorous combined conduction-radiation heat transfer problem. A similar
technique was introduced in an earlier study, where a controlled experimental approach was
employed. This involved utilizing solid specimens, such as black rubber and anodized aluminum,
as a strongly absorbing second layer with well-defined optothermal characteristics.16 An essential
difference between this study and prior research lies in the utilization of biological samples such
as teeth that contain both absorption and scattering coefficients in all layers, which allows the
quantitative examination and evaluation of how the optical and thermal properties of healthy and
demineralized enamel vary depending on the wavelength using an Nd:YAG pulsed laser which
pumps an optical parametric oscillator (OPO) for wavelength tunability.

2 Theoretical Model
Following optical-to-thermal energy conversion in a tooth absorbing optical energy, the produced
heat contributes to the photothermal signal in two ways: one way is conductive, originating from
a proximity to the surface, controlled by the enamel thermal diffusion length and thermal dif-
fusivity. The other is radiative, involving infrared emission from deeper areas accessed by the
absorbed and scattered laser-induced optical field. Initially, in the time-domain, the conductive
heat pattern emerges close to the surface within a time-dependent thermal diffusion length. This
pattern ultimately reaches the surface, adding to the radiative infrared emission signal. Direct
thermal infrared emission takes place from all absorption sites, with infrared photons passing
through the enamel due to its mid-infrared transmittance windows. Light can become trapped
in highly light scattering areas with poor thermal properties, such as demineralized regions. As a
result, the thermal-wave distribution generated thereafter moves closer to the surface, compared
to a healthy region.

A one-dimensional schematic for geometry of the tooth structure is shown in Fig. 1(a). At
x ¼ 0, the tooth is uniformly irradiated by an nanosecond optical pulse of the Dirac δðtÞ type.
Layer 1, of thickness L1, has an optical absorption coefficient μa1, and reduced scattering coef-
ficient μ 0

s1, and is in intimate contact with a semi-infinite layer 2 at x ¼ L1 with optical absorption
coefficient μa2 and reduced scattering coefficient μ 0

s2. For PPTR analysis of healthy teeth, layers 1
and 2 represent healthy enamel and dentin, respectively. Conversely, for demineralized teeth,
layer 1 is the demineralized enamel that comes in contact with a sound enamel back layer.
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In addition, for demineralized teeth, there exists a thin intact surface layer at x ¼ 0with thickness
x ¼ L0. At the excitation wavelength, this layer has absorbance, μa0, and scattering, μ 0

s0. The
internal inter-reflection, R1, effect is taken into account only in the demineralized layer and the
effect of the inter-reflections between boundaries of the demineralized tooth is shown
in Fig. 1(b).

The photothermal theory is developed in the frequency domain as the spectrum of the PPTR
response and is later converted into the time domain (response to pulsed laser excitation) through
a numerical inverse Fourier transform method. The time-domain temperature field generated
after the onset of the incident pulse is the signal of interest in this work.

The frequency-domain photothermal equations in layers 1 and 2 and the surrounding gas
(air) volume are

EQ-TARGET;temp:intralink-;e001a;114;397

d2

dx2
Tgðx;ωÞ −

�
iω
ag

�
Tgðx;ωÞ ¼ 0; x ≤ 0; (1a)

EQ-TARGET;temp:intralink-;e001b;114;346

d2

dx2
T1ðx;ωÞ −

�
iω
a1j

�
T1ðx;ωÞ ¼ −

�
μa1
2k1

�
I1; 0 ≤ x ≤ L1;j; (1b)

EQ-TARGET;temp:intralink-;e001c;114;313

d2

dx2
T2ðx;ωÞ −

�
iω
a2

�
T2ðx;ωÞ ¼ −

�
μa2
2k2

�
I2; x ≥ L1;j; (1c)

The following parameters are defined: ω, an arbitrary angular frequency of the Fourier spectrum
of Tgðx; tÞ, as well as T1ðx; tÞ and T2ðx; tÞ which represent the temperature field of the air layer,
the sample first layer, and the second layer, respectively. The symbols αg, α1, and α2 signify the
thermal diffusivity (m2∕s) of air, layer 1, and layer 2, respectively, while kj represents the asso-
ciated thermal conductivity (W∕m · K).

Light entering the tooth is subject to scattering and absorption. A collimated laser beam
normal to the surface has a small portion of the light reflected at the surface of the enamel lesion
at x ¼ 0, and at the second layer interface, and the remaining light is attenuated in the tissue by
absorption and scattering according to the Beer–Lambert law:

EQ-TARGET;temp:intralink-;e002a;114;185I1ðxÞ ¼ I0ð1 − R1Þ expð−AsÞ expð−μt1xÞ; 0 ≤ x ≤ L1; (2a)

EQ-TARGET;temp:intralink-;e02b;114;150I2ðxÞ ¼ I0ð1 − R1Þ expð−AsÞ expð−μt1L1Þ expð−μt2ðx − L1ÞÞ; x ≥ L1; (2b)

where μt ¼ μa þ μs
0 is the optical transport coefficient (m−1) pertaining to each layer, I0 is the

light source intensity incident at the surface (W∕m2), As is the optical absorbance of the thin layer
(¼ μt0 × thickness L0), with As ¼ limL0→0ðμt0L0Þ. For theoretical analysis of healthy tooth,
As ¼ 0 and R1 is not taken into account. Equations 1(a)–1(c) are solved subject to temperature
and heat flux continuity at all interfaces:

EQ-TARGET;temp:intralink-;e003a;114;82Tgð0Þ ¼ T1ð0Þ; (3a)

Fig. 1 (a) Schematic geometry of the layers of demineralized enamel analyzed in this work.
(b) Inter-reflection scheme inside the upper tooth layer formed by a demineralizing agent.
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EQ-TARGET;temp:intralink-;e003b;117;724kg
∂Tg

∂x

����
x¼0

¼ k1
∂T1

∂x

����
x¼0

−H1T1ð0Þ þ I0 expð−AsÞ; (3b)

EQ-TARGET;temp:intralink-;e003c;117;693T1ðL1Þ ¼ T2ðL1Þ; (3c)

EQ-TARGET;temp:intralink-;e003d;117;675k1
∂T1

∂x

����
x¼L1

¼ k2
∂T2

∂x

����
x¼L1

þ I0ð1 − expð−AsÞÞ expð−μt1L1Þ; (3d)

which yield the following expressions for the temperature distributions in the three regions:

EQ-TARGET;temp:intralink-;e004a;117;642Tgðx;ωÞ ¼ C1 expðσgxÞ; (4a)

EQ-TARGET;temp:intralink-;e004b;117;606T1ðx;ωÞ ¼
�

μa1
2k1ðσ21 − μ2a1Þ

�
I1 þ C2 expðσ1xÞ þ C3 expð−σ1xÞ; (4b)

EQ-TARGET;temp:intralink-;e004c;117;574T2ðx;ωÞ ¼
�

μa2
2k2ðσ22 − μ2a2Þ

�
I2 þ C4 expð−σ2xÞ; (4c)

where C1, C2, C3, and C4 are integration constants determined by the boundary conditions. σj ¼
ð1þ iÞðω∕2αjÞ1∕2 has the units ofm−1, and the physical meaning of a dispersive complex wave-
number element. To complete the theoretical description, radiation heat transfer was taken into
account at every surface of the system for both healthy and demineralized layers of the tooth. The
coefficient H1 (W · m−2· K−1) is a radiation heat transfer coefficient which represents the radi-
ative flux in an outward direction at x ¼ 0 that is incident on the IR detector. At the interface
located at x ¼ L1, H2 takes into account the heat transfer caused by radiation emitted from the
front surface of layer 2. The thermal energy emitted at the interface between layer 2 and layer 1
can be reabsorbed by the first layer if the latter has a high ability to absorb and emit infrared
radiation. Solving the boundary-value problem with the system of three equations in regions g, 1,
and 2 and the boundary conditions, gives the expression for the spectrally averaged PPTR
detected signal:

EQ-TARGET;temp:intralink-;e005;117;405

ŜðωÞ ¼ μIR

�Z
L1

0

T1ðx;ωÞ expð−μIRxÞdxþ
Z

∞

L1

T2ðx;ωÞ expð−μIRxÞdx
�

¼ F1 expð−L1μt1 − L1μIRÞðexpðL1μt1 þ L1μIRÞ − 1Þ
ðμt1 þ μIRÞ

þ C2 expð−L1μIRÞðexpðL1σ1Þ − expðL1μIRÞÞ
ðσ1 − μIRÞ

þ C3 expð−L1σ1 − L1μIRÞðexpðL1σ1 þ L1μIRÞ − 1Þ
ðσ1 þ μIRÞ

þ C4 expð−L1σ2 − L1μIRÞ
ðσ2 þ μIRÞ

þ F2 expð−L1μIRÞ
ðμt2 þ μIRÞ

; (5)

where

EQ-TARGET;temp:intralink-;sec2;117;241F1 ¼
�
I0μa1ð1 − R1Þ expð−AsÞ

2k1ðσ21 − μ2a1Þ
�

and F2 ¼
�
I0μa2ð1 − R1Þ expð−AsÞ expð−μt1L1Þ

2k2ðσ22 − μ2a2Þ
�
:

Here, μIR is the spectrally weighted IR absorption (emission) coefficient within layer 1.
Following a temporal impulse excitation, the resulting transient temperature distribution is
obtained from the inverse Fourier transform of Eq. (5):

EQ-TARGET;temp:intralink-;e006;117;166SðtÞ ¼ 1

2π

Z
∞

−∞
ŜðωÞeiωtdω: (6)

Due to the need for eigenvalue computations, eigenfunction expansions, and the intricate
aspects of inverting Laplace or Fourier transforms, the frequency domain approach, using Eq. (6)
and subsequent inverse Fourier transformation calculations, offers a less computationally inten-
sive solution. In this inversion, from a sequence of N data points, there are N∕2 useful frequen-
cies. The sampling rate is given as
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EQ-TARGET;temp:intralink-;e007;114;736fs ¼ NΔf ¼ 1

Δt
; (7)

where Δt and Δf are the sampling intervals in time domain and frequency domain, respectively.
The inverse fast Fourier transform algorithm available in MATLAB® allows for more effective
processing of the signal. To ensure the appropriate acquisition of data points N for a specified
maximum frequency in the photothermal wave field spectrum, denoted as fmax, it is necessary to
adhere to a sampling rate fs that meets the Shannon–Nyquist criterion, fs ≥ 2fmax.

3 Experimental Methodology
AQ-switched Nd:YAG laser (Surelite OPO Plus SLIII-10, Continuum, San Jose) generated 5-ns
laser pulses at 10-Hz repetition rate which is the frequency of its flashlamp discharge [Fig. 2(a)].
The laser pulse was frequency doubled to 532 nm, which then pumped the OPO. The OPO output
wavelength was tunable from 675 to 1000 nm and was controlled by a designated software for
the crystal motor to achieve the desired wavelength. The experimental setup included an IR
camera (A6700sc, FLIR, USA, 3 to 5 μm spectral response), which recorded the thermal evo-
lution of the target sample following exposure to laser irradiation. The laser beam passed through
a diffuser (ED1-C20, Thorlabs Inc., New Jersey) that homogenized and expanded the beam
diameter to 20 mm. The camera image covered an area of 1.1 cm × 0.88 cm. The frame rate
of the camera was set to fs ¼ 104 Hz, which recorded a video on its buffer in the FLIR format.
Each frame of the video was exported as CSV file containing the photothermal transient data for
each image pixel. Two extracted teeth samples were chosen in this study. Sample 1, a healthy
extracted tooth, was used as a control reference sample to investigate early caries formation and
progression in enamel; the visual photograph of the sample is shown in Fig. 2(b). To closely
mimic the natural formation of dental caries, a treatment protocol using highly cariogenic bac-
teria was used to produce a carious lesion. The bacterial-induced artificial caries were limited to a
rectangular section on the smooth surface of the tooth for a total exposure time of 8 days to
induce early caries. Sample 2 was selected as a representation of a real-life sample with interior
filling and several naturally occurring caries lesions on the tooth surface. Images depicting the
tooth, including its occlusal surface highlighting the filling, as shown in Figs. 2(c) and 2(d).

Four OPO wavelengths were used to illuminate these samples: 675, 700, 750, and 808 nm.
For every desired wavelength, a single pulse illuminated the sample using the single-shot

Fig. 2 (a) Experimental configuration of multispectral photothermal system and the photograph of
(b) sample 1 with artificially induced early caries, and (c) sample 2 front surface and (d) occlusal
surface in which the tooth filling can be seen visually.
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operation mode and the IR camera recorded the thermal infrared response of the medium at the
front surface. Because the energy per pulse of OPO wavelengths decreases with increasing wave-
length, especially at 808 nm, we also conducted experiments with an 808 nm diode laser
(Jenoptic JOLD- 120-QPXF-2P), which has a better power stability and is controlled by a laser
driver (PCO-6131, Directed Energy, Colorado) to allow the user to select the desired laser pulse
width (>10 ms) and repetition frequency. The laser output was passed through a collimator
(F22SMA-B, Thorlabs Inc., New Jersey), and the same diffuser was used to expand the beam.

4 Results

4.1 Model Simulations
Transient temperature distributions of healthy and demineralized tooth geometries were simu-
lated in MATLAB software using Eq. (6). To clearly distinguish parameters in healthy and
demineralized tooth geometries, the subscript “j” is used alongside each parameter, such as
α1;j. The variable j, with values 1 or 2, is used in simulation plots and in their discussion to
represent healthy teeth geometry (j ¼ 1) and demineralized teeth geometry (j ¼ 2), respectively.
For instance, α1;1 refers to the thermal diffusivity of layer one in healthy teeth geometry, which is
the healthy enamel. On the other hand, α1;2 pertains to the thermal diffusivity of layer one in
demineralized teeth geometry which comprises of demineralized enamel.

The thermal and optical parameters utilized in these simulations were acquired from the data
extracted from other sources which also investigated the optical and thermal attributes of teeth.17–

20 To simulate healthy tooth, the first layer comprised enamel, while the underlayer was com-
posed of dentin. For enamel and dentin, the thermal conductivity and diffusivity remained con-
stant at α1;1 ¼ 4.2 × 10−7 m2· s−1 k1;1 ¼ 0.9 W · m−1 · K−1, and α2;1 ¼ 1.8 × 10−7 m2 · s−1

Fig. 3 The effects of various parameters on theoretical signal profiles of Eq. (6) for healthy enamel:
varying (a) the reduced scattering coefficient of the thin healthy enamel with other parameters
fixed; and (b) the reduced scattering coefficient of semi-infinite dentin layer with other parameters
fixed; and varying the thickness of enamel, L1;1 (c) 0, 500 μm and (d) 1000 to 2000 μm.
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k2;1 ¼ 0.6 W · m−1 · K−1, respectively. The water infrared absorption (μIR ¼ 120; 000 m−1) was
used as the average value of the infrared absorption in both geometries. The thermal diffusivity
and conductivity used for air interface were αg ¼ 1.84 × 10−5 m2 · s−1 and kg ¼ 2.62 ×
10−2 W · m−1 · K−1, respectively. For healthy tooth, Fig. 3(a) shows the thermal transient signals
with varying μ 0

s1;1 while μa1;1 ¼ 50 m−1, μa2;1 ¼ 300 m−1, μ 0
s2;1 ¼ 2000 m−1, L1;1 ¼ 1 mm. The

simulation results show that in the presence of zero or small reduced scattering coefficient in
healthy enamel layer, the signals exhibit a dominating delayed peak due to the strong heat flow
from the dentin layer and due to its higher reduced scattering coefficient and absorption proper-
ties compared to healthy enamel. By keeping the optical and thermal properties of the enamel
layer constant with μ 0

s1;1 ¼ 2800 m−1, μa1;1 ¼ 50 m−1, L1;1 ¼ 1 mm and only increasing μ 0
s2;1 in

Fig. 3(b), it is evident that the thermal transient signal, coupled with the rise in the delayed peak
intensity, start to increase. This suggests a corresponding contribution of conduction and radi-
ation heat transfer from the dentin layer, aligning with its increased scattering properties.
Figures 3(c) and 3(d) show the thermal transient signal from the enamel-dentin medium when
the thickness of enamel, L1;1, increases between 0 and 2000 μm and all other parameters remain
constant. The heat produced in layer 2 by dentin absorption is dominant at small values of L1;1.
Moreover, when the enamel thickness is increased, the conductive heat flux reaching the
IR detector decreases, as the photothermal response from the recessed dentin layer diminishes.
To investigate the theoretical signal profiles of the demineralized tooth area, the thermal
conductivity and diffusivity of the demineralized enamel and the healthy enamel
underneath remained constant at α1;2 ¼ 4.2 × 10−7m2 · s−1 k1;2 ¼ 0.9 W · m−1 · K−1, and
α2;2 ¼ 4.2 × 10−7 m2 · s−1, k2;2 ¼ 0.9 W · m−1 · K−1, respectively. Figure 4(a) shows the

Fig. 4 The effects of various parameters on theoretical signal profiles of Eq. (6) for a demineralized
tooth: varying (a) the reduced scattering coefficient of the thin intact layer with other parameters
fixed; (b) the reduced scattering coefficient of the demineralized enamel layer; (c) the absorption
coefficient of the finite demineralized enamel layer with other parameters fixed; and (d) comparison
between signals of healthy and demineralized tooth.
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temperature transient result as the reduced scattering coefficients of the thin attenuating
overlayer, μ 0

s0, increase for the demineralized tooth. All other optical parameters of the tooth
remained constant: μa0 ¼ 50 m−1, μ 0

s1;2 ¼ 157;000 m−1, μa1;2 ¼ 100 m−1, μ 0
s2;2 ¼ 6000 m−1,

μa2;2 ¼ 50 m−1, L1;2 ¼ 3 × 10−4 m. Here, the PPTR signal decreased in the presence of higher
reduced scattering of the thin overlayer because more of the laser light scattered and less
absorbed by other layers within the sample. Examples of transient temperature distribution
results for various reduced scattering coefficients of the demineralized enamel in layer 1,
μ 0
s1;2, are shown in Fig. 4(b). In the presence of increasing scattering in the demineralized layer,

the signal amplitude increased and the photon fluence became more localized closer to the sur-
face which reduced the optical flux to the healthy enamel underlayer.

Higher scatter of the optical field in the demineralized layer of enamel results in shorter
photon path lengths within the enamel, which is photothermally equal to a higher photon absorp-
tion probability closer to the surface and increases the generated PPTR signal.15,21 The effect of
the absorption coefficient, μa1;2, of demineralized enamel is shown in Fig. 4(c): increasing the
absorption coefficient increased optical-to-thermal energy conversion in the underlayer which, in
turn, increased the photothermal signal at the detector/camera. Theoretical signal profiles of
transient temperature distributions of healthy versus demineralized enamel are shown in
Fig. 4(d). For healthy enamel, the optical parameters were: μa1;1 ¼ 50 m−1, μ 0

s1;1 ¼ 2800 m−1,
μa2;1 ¼ 300 m−1, μ 0

s2;1 ¼ 28;000 m−1, L1;1 ¼ 1 mm. In addition, for demineralized enamel, the

optical parameters were μa0 ¼ 50 m−1, μ 0
s0 ¼ 2800, L0 ¼ 1.8 × 10−5 m, μa1;2 ¼ 100 m1,

μ 0
s1;2 ¼ 157;000 m−1, μa2;2 ¼ 50 m−1, μ 0

s2;2 ¼ 2800 m−1, L1;2 ¼ 3 × 10−4 m. Here, the healthy
tooth enamel has a smaller amplitude compared to the demineralized tooth. The demineralized
enamel results suggest that there is a significant reduction in light intensity transmission and an
increase in light scattering, especially at interfaces where light is reflected back. When light
enters the tooth, it is scattered preferentially in the carious areas where the pore volume is large.
The greater the light scattering in an area, the higher the probability of absorption in that area. As
a result, the thermal waves that are generated in the porous regions will have greater amplitude
than those generated in intact enamel.

4.2 Experimental Results
Figures 5(a) and 5(b) show the photothermal transient signals at every OPO wavelength for the
healthy and demineralized areas of sample 1. The thermal transient signals shown in the figure
were the responses of one pixel from the healthy and demineralized areas. A normalization tech-
nique was applied, involving the division of the entire signal by its initial (peak) magnitude. This
eliminated the need to determine the intensity of the incoming laser beam and the calibration
coefficients. It can be seen that in the normalized thermal transient plots of the demineralized area
as a function of OPO wavelength, the 675 nm wavelength decayed fastest and the 808 nm
decayed slowest.

This is due to the wavelength dependence of the scattering and absorption coefficients of the
demineralized area such that at shorter wavelengths (or higher optical frequency) the deminer-
alized area scatters and absorbs more strongly than at longer wavelengths. Here, caries is at its
earliest stages, hence it is a near-surface feature. Shorter wavelengths tend to capture such shal-
low features due to the shorter thermal diffusion lengths involved due to the highly scattering
nature of the lesions which results in near-surface photon localization. Longer OPO wavelengths
can therefore penetrate deeper into the substructure and display a slower decaying thermal tran-
sient upon exposure to laser light. In the case of the normalized thermal transient signals for
healthy enamel, the signals from each OPO wavelength seemed to be closely similar.

The signals from the 808 nm OPO excitation displayed a similar decaying pattern but with a
deeper penetration capability of this wavelength compared to other wavelengths emitted by the
OPO. Nonetheless, at 808 nm, a reduction in OPO energy led to fluctuating thermal emission
signal which was assumed to be coupled with temperature fluctuations in the environment in
which the experiment was performed. To confirm that this indeed constituted background noise
and was not linked to the properties of the sample layered and optothermal characteristics, an
experiment was performed using an 808 nm laser diode which exhibited significantly superior
power stability. Figures 5(c) and 5(d) show the plots of the thermal transients of the two lasers at
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808 nm. It is evident that the 808-nm laser diode exhibited a smooth decaying behavior without
showing any major fluctuations in the thermal transient signal. However, the signal decay rate
due to this laser diode differed from that of the 808 nm OPO. This variance can be attributed to
the fact that the laser diode’s minimum pulse width was configured at 10 ms, indicating that it
released energy over a longer duration compared to the pulsed laser with a pulse width of 5 ns.

For signals originating in sound enamel, the degradation of the 808 nm laser diode output
was more gradual due to its ability to capture a greater amount of conductive and radiative heat
transfer from the dentin layer. In addition to the normalized data as a function of wavelength, the
normal thermal transient plots are shown in Figs. 6(a) and 6(b) at four different regions of the
tooth at 675 nm wavelength. While wavelength affects the shape of the thermal transient signal, it
is important to note that at different locations on the tooth, the thermal transient plot can be
different. As an example, locations 1 and 2 refer to the sound enamel and demineralized enamel,
respectively, in proximity to the tooth’s cusp. Meanwhile, positions 3 and 4 depict healthy and
demineralized enamel, respectively, near the cementum where enamel is thinnest. The demin-
eralized enamel adjacent to the cusp (location 2) exhibited smaller amplitude in comparison to
the demineralized enamel at location 4 near the cementum. However, it also exhibited faster
decay. This implies that the demineralized area close to the cementum, at location 4, might have
also been influenced by the more absorbing and scattering dentin region. The healthy enamel
regions adjacent to the cusp and cementum (i.e., locations 1 and 3), both exhibited similar ampli-
tudes in their thermal transient signals. However, at location 3, which is closer to the cementum,
the decay occurred at a slower rate compared to location 1. This can be attributed to contributions
from the underlying dentin layer. Micro-computed tomography (μCT) was conducted to confirm
the presence and extent of the demineralized region [as can be seen by yellow arrows in
Figs. 6(c)–6(e)] and other features and characteristics of the tooth. Figure 6(c) shows the

Fig. 5 Normalized sample 1 experimental thermal transient signals for (a) healthy and (b) demin-
eralized tooth pixel at pulsed Nd:YAG laser OPO wavelengths 675, 700, 750, and 808 nm. The
comparison between the thermal transient signals of 808 nm OPO and 808 nm laser diode for
(c) demineralized and (d) healthy enamel.
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μCT image slice that corresponds to the cross-sectional view of the tooth encompassing locations
1 and 2. Likewise, Fig. 6(d) corresponds to the μCT cross-sectional slice containing locations 3
and 4. One prominent characteristic that can be seen in these μCT images is the change in enamel
thickness which can affect the thermal transients. In Fig. 6(e), a three-dimensional cross-sectional
μCT image of a sample is displayed, obtained by cutting along the indicated blue lines in
Fig. 6(d). The change in enamel thickness measures around 600 μm is readily apparent from
cusp to cementum for this specific sample surface. The thermal transient signals from sample
2 at various OPO wavelengths for healthy and carious pixels are shown in Figs. 7(a) and 7(b). For
this sample, shorter wavelength signals exhibited a gradual decrease, while longer wavelength
signals showed a delayed rise in signal amplitude. To further validate this observation, the
808 nm laser diode was used to irradiate the sample, and the thermal transient signals from the
same healthy and carious pixels were plotted [Fig. 7(c)]. We opted to utilize the 808-nm laser
diode for the quantitative analysis of this particular sample due to its improved signal-to-noise
ratio. Subsequently, thermal transient signals were plotted at distinct positions on the tooth. In
Fig. 8(a), the sample’s visual image features four variably colored arrows, each associated with

Fig. 6 (a) Visual photograph of the tooth marked by four different locations on one surface of the
sample. Locations 1 and 2 belong to healthy and demineralized enamel on the same axial plane
near the cusp of the tooth, and locations 3 and 4 mark the healthy and demineralized enamel on
the same axial plane close to the cementoenamel junction where enamel is thinnest; (b) corre-
sponding thermal transient signal plots are shown for each location at 675 nm OPO wavelength.
The μCT cross-sectional slices of the tooth depict locations (c) 1 and 2, and (d) 3 and 4. The thick-
nesses of enamel and dentin change at different locations of the tooth. This is shown by the (e) μCT
sagittal view at the cross-section indicated by the dashed blue line in (d). The yellow arrow shows
the demineralized artificial caries.
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its respective thermal transient signal as shown in Fig. 8(b). These varying transient signals
served as valuable indicators for subsequently extracting thermal and optical characteristics
of the tooth. They show both the magnitude of initial rise and the subsequent decay and beyond
in each signal. As an example, in the thermal transient plot of Fig. 8(b) showing the dentin
response, the initial magnitude was notably minimal and practically insignificant. This obser-
vation indicated a substantial reduction in contributions from the enamel layer. Conversely,
in the case of the carious region, the strong thermal transient signal displayed a rapid monotonic
decay pattern. This behavior signified that the influences stemming from the underlying char-
acteristics were entirely concealed by the presence of the carious lesion. The μCT slices shown in
Fig. 8(c) were acquired from the cross-sections indicated by colored dashed lines in Fig. 8(a).
The μCT slices display greatly varying tooth layers and internal filling areas at different posi-
tions. This information became valuable for subsequent quantitative measurements and imaging
of the sample optothermal characteristics.

5 Multiparameter Computation and Quantitative Imaging
To obtain the thermal and optical characteristics of these dental samples, a method involving
multiparameter fitting was implemented utilizing a simplex downhill minimization
algorithm.17,22–24 A comprehensive explanation of this fitting methodology, which was also uti-
lized in assessing the optical and thermal properties of dental tissue in previous research, can be
found elsewhere.12,24,25

In this multiparameter fitting of sample 1, it was assumed that the intact surface layer of the
demineralized enamel has the same optothermal properties as the healthy semi-infinite enamel
underlayer. In addition, the values fitted for the healthy enamel geometry were used as known
parameters for both the healthy semi-infinite underlayer and the intact surface layer of the

Fig. 7 Sample 2 experimental thermal transient signals for (a) healthy and (b) carious area at
pulsed Nd:YAG laser OPO wavelengths 675, 700, 750, and 808 nm; (c) the thermal transient plots
of the 808 nm laser diode excitation are also shown for comparison purposes.
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demineralized enamel. To ensure uniqueness in parameter fitting, an added approach that proved
beneficial involved selecting thermal transient signals from regions adjacent to the tooth cusp and
in proximity to the cementum. In the vicinity of the cusp, there exists only enamel, allowing the
use of a single-layer theory to determine enamel properties. Likewise, in the proximity to the
cementum, only dentin is present, enabling a similar approach for dentin characterization. The
μCT images were also used for validation purposes and enamel thickness measurements. In real-
world scenarios where enamel thickness is unknown or where μCT images are unavailable, it
would be appropriate to consider enamel thickness as a fitting parameter. The first step consisted
of using the data from healthy enamel close to the tooth cusp and dentin near the cementum,
while assuming a single semi-infinite layer. The value ranges used, seen in Table 1, were then
split into 5 to 10 uniform intervals. For each combination and parameter, the best fits were
obtained. The parameters derived from this initial fitting, within the 5 to 10 division range, were
averaged and used as input values for a second fit using the same number of divisions (5–10)
between the limits. This averaging process was repeated until the set of optical and thermal
parameters became independent of the number of divisions between the limits. Afterward, a
thermal transient signal situated at a pixel location within sound enamel was selected, encom-
passing both the enamel and underlying dentin. The enamel thickness at this specific pixel was
found by referencing the associated μCT image and best fitting was carried out utilizing a two-
layer configuration.

We deliberately chose pixels in which enamel thickness was easily quantifiable in the μCT
images. The results from the adjustment exhibited slight fluctuations in the values for the enamel
and dentin underlayers. This disparity can be attributed to the non-uniform nature of teeth as
samples, causing the characteristics of enamel and dentin to shift based on the location on the
tooth. Average fitted optical and thermal properties of healthy and demineralized enamel in a

Fig. 8 (a) A photograph of sample 2, identified by three distinct cross-sectional lines on the surface
on the tooth, along with four arrows situated at various points where photothermal transients were
obtained. (b) Plots depicting thermal transient signals are displayed for every point indicated by the
color-coded arrows, captured using the 808 nm laser diode. (c) The μCT slices of the tooth at the
cross-sections indicated by dashed colored lines in (a) along with the locations of the marked
arrows on the sample.
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two-layer medium and their standard deviations are shown in Tables 2 and 3, respectively. The
results showed excellent agreement between the experimental and theoretical data when fitting
the multiple parameters of both healthy and demineralized enamel, as shown in Fig. 9. The fit of
the 675, 700, and 750 nm was very good. As mentioned, at 808 nm, due to a decrease in the OPO
energy, variations in room temperature led to fluctuations in the sample thermal emission, result-
ing in background noise characterized by fluctuating signals. Consequently, the diode laser was
used for those best fits. Overall, the demineralized enamel compared to healthy enamel showed a
significantly higher signal due to the fact that in the presence of a higher-reduced scattering
coefficient medium in the demineralized region, resulting in higher photon confinement and
optical-to-thermal energy conversion in the near-surface region, while lessening the influence
of the underlying layers. In relation to the initial constraints defined for the parameters, it is
important to emphasize that all parameter limits had the flexibility to adjust within the defined
range encompassing the minimum and maximum literature values, as specified in Table 1.
Nevertheless, limitations on enamel thickness were determined based on the established μCT
measurements. Parameters, such as the optical absorption and reduced scattering coefficients,
along with thermal diffusivities and conductivities, stood out as the most consistently influential
values. On the other hand, measuring the heat transfer coefficients exhibited a notably higher
degree of variability. This shows that in the process of fitting multiple parameters there is a var-
iable degree of reliability and only the most reliable parameters should be selected while other
less dependable ones given less weight or even ignored. To further evaluate the effectiveness of
the multiparameter fitting approach, several pixels from the healthy enamel of a tooth were
selected. Without relying on μCT measurements, best fits were obtained for various optical and
thermal properties along with enamel thickness. The resulting enamel thickness, when compared
to its actual thickness obtained through μCT scanning, produced a residual error of 3.32%. This is
of utmost importance because in practical/clinical situations there are no data available relying on
destructive techniques, such as μCT, and clinician dependence on non-invasive testing methods
to extract the optical and thermal characteristics of teeth is expected to be total. The photothermal
transient data from the experiments were captured using the IR camera, affording the possibility
to gather optothermal characteristics across the entire surface of the tooth sample. Up until now,

Table 1 Fixed upper and lower limits of the fundamental parameters defined for the multipara-
meter fitting of sound and demineralized enamel.

Physical parameters layer

Sound enamela Demineralized enamelb

Lower limit Upper limit Lower limit Upper limit

μ 0
s0 (m−1) — — 1000 6000

μa0 (m−1) — — 1 100

L0 (μm) — — 5 200

μ 0
s1 (m−1) 100026 60009 10009 157,00027

μa1 (m−1) 1 1009 1 150

μ 0
s2 (m−1) 84009 28,0009 1000 6000

μa2 (m−1) 30028 500 1 100

α1 (m2∕s) 4.2 × 10−7 20 4.7 × 10−7 29 2.0 × 10−7 20 7.7 × 10−7

κ1 (W∕m · K) 0.7720 0.9318 0.1 0.9318

α2 (m2∕s) 1.8 × 10−7 29 2.6 × 10−7 30 4.2 × 10−7 4.7 × 10−7

κ2 (W/m·K) 0.57 0.62 0.7720 0.9318

H1 and H2 (W∕m2 · K) 1 500 1 500

aSound enamel: layer one, sound enamel; layer two, semi-infinite sound dentin.
bDemineralized enamel: layer one, demineralized enamel; layer two, semi-infinite sound enamel.
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the process of fitting photothermal transients at distinct wavelengths was solely applied to indi-
vidual pixels of the IR camera situated at different locations on the tooth surface. However, due to
the high computational demands and lengthy calculation times associated with the fitting pro-
cedure, a 16 × 16-pixel averaging technique was employed to decrease the pixel count, sub-
sequently deriving the properties for each averaged pixel. Furthermore, we opted to focus on
a single optical OPO wavelength, specifically choosing 700 nm as the optimal wavelength for
our purposes. Figures 9(d) and 9(e) constitute quantitative images showing plots of optical trans-
port coefficient and thermal diffusivity of layer one of sample 1, respectively. It can be seen from
these quantitative images that the thermal diffusivity of the demineralized area is smaller com-
pared to other regions while the optical transport coefficient increases. This is as expected
because low diffusivity results in local thermal confinement and higher temperatures.

The multiparameter fits for sample 2 diverge from those for sample 1 because of the various
distinct characteristics found on the tooth surface. These features include unevenly distributed
caries across the tooth’s surface and a visibly damaged area on the tooth’s surface. According to
the multiparameter fitting approach applied to sample 1, a handful of pixels were selected and the
corresponding μCT cross-sectional image slices for these pixels were matched. This was done to
validate the thicknesses and true existence of various features. When investigating the

Fig. 9 Examples of experimental and theoretical best fits for sample 1 healthy and demineralized
enamel at (a) 675 nm and (b) 750 nm, respectively, and the healthy enamel fit with (c) 808 laser
diode. Best fitted parameter values are shown in Tables 2 and 3. Derived pixel-by-pixel best-fitted
parameter images of (d) optical transport coefficient image and (e) thermal diffusivity image of
sample 1 for 700 nm OPO wavelength. (f) Optical transport coefficient image and (g) thermal dif-
fusivity image of sample 2 for 808 nm laser diode. Note that, in the case of defective areas within
the tooth, the demineralized geometry was employed. Consequently, the parameter representa-
tion on the scale bar displays general parameter names without specifying the associated
geometry.
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characteristics of enamel, a specific pixel close to the cusp was chosen situated toward the edge of
the sample to avoid any interference from the filling, as shown in the μCT image of Fig. 8(a).
Subsequently, the one-layer theory was used to derive the properties of the sound enamel in that
pixel. A similar procedure was carried out in the case of dentin, as shown in Fig. 8(c). Another
pixel was selected to depict the white caries and in the μCT image of Fig. 8(b); however, due to
the fact that the depth of the white cavities was not precisely known, L1 was used as an adjustable
fitting parameter in this case. Regarding the presence of a thin intact layer at x ¼ 0, this carious
region appeared by visual inspection to be advanced caries. Thus, the intact layer was assumed
not exist for this sample. The resulting parameters obtained from these pixels are shown in
Table 4 and an example of the optimal fit to the sound enamel of sample 2 is shown in
Fig. 9(c) and the quantitative images of optical transport coefficient and thermal diffusivity
of layer one is shown in Figs. 9(f) and 9(g), respectively. An area of this sample was excluded
from the fitting process because it exhibited significant surface defects that were visible to the
eye, and obtaining accurate fitting parameters proved to be challenging.

6 Conclusions
The developed theoretical framework explains the behavior of optical and thermal-wave depth
profiles within multilayer dental structures. It measures the impact of optical and thermal
characteristics via an inverse Fourier technique, as well as the interactions between these layers,
on the patterns observed in depth profiles. Employing an IR camera to capture PPTR signals from
two dental specimens selected for a number of subsurface features enabled us to obtain the
optothermal characteristics of these samples based on pixel variations. PPTR experiments per-
formed with an OPO and a laser diode along with validations using μCT, validated the theory in
relation to multilayers. The incorporation of the fitting method in this study enhanced the reli-
ability of the computational algorithm, yielding a dependable solution for accurately fitting
multiple parameters related to both intact enamel and enamel caries lesions in multilayered struc-
tures. The degree of reliability of each of the fitted parameters was identified and led to retention
of the thermal diffusivity, thermal conductivity, enamel thickness, and optical transport coeffi-
cient of the enamel layer as the key reliable parameters in quantitative pixel-by-pixel images.
Finally, performing quantitative dental property measurements and imaging plays a crucial
role in clinical practice because one can develop a calibration chart which, in collaboration with
practicing dentists, can identify the threshold and degree of advanced demineralization caries in a
tooth, so as to make a sound decision whether and how to treat the lesion locally.
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Table 4 Average fitted optical and thermal properties of sample 2’s various pixels on the tooth and
their standard deviations.

808 nm laser diode

L1 (μm) μ 0
s1 (m−1) μa1 (m−1) α1 (m2∕s) κ1 (W/m·K) H1 (W∕m2 · K)H2 (W∕m2 · K)

Healthy enamel — 2300 ± 10 21 ± 2 4.6� 0.07 × 10−7 0.81 ± 0.05 23 ± 12 —

Healthy dentin — 9200 ± 40 38 ± 4 1.89� 0.07 × 10−7 0.61 ± 0.03 37 ± 8 —

Carious enamela 102 ± 816,200 ± 34 101 ± 4 2.65� 0.04 × 10−7 0.56 ± 0.06 45 ± 21 12 ± 4

aDemineralized enamel geometry was used to obtain the optical and thermal properties.
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