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Abstract. Early detection of the most prevalent oral disease worldwide, i.e., dental caries, still remains as one of
the major challenges in dentistry. The current dental standard of care relies on caries detection methods, such as
visual inspection and x-ray radiography, which lack the sufficient specificity and sensitivity to detect caries at
early stages of formation when they can be healed. We report on the feasibility of early caries detection in a
clinically and commercially viable thermophotonic imaging system. The system incorporates intensity-modulated
laser light along with a low-cost long-wavelength infrared (LWIR; 8 to 14 μm) camera, providing diagnostic con-
trast based on the enhanced light absorption of early caries. The LWIR camera is highly suitable for integration
into clinical platforms because of its low weight and cost. In addition, through theoretical modeling, we show that
LWIR detection enhances the diagnostic contrast due to the minimal LWIR transmittance of enamel and sup-
pression of the masking effect of the direct thermal Planck emission. Diagnostic performance of the system and
its detection threshold are experimentally evaluated by monitoring the inception and progression of artificially
induced occlusal and smooth surface caries. The results are suggestive of the suitability of the developed LWIR
system for detecting early dental caries. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.21.9

.096003]
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1 Introduction
Development of sensitive dental diagnostic modalities capable
of detecting early caries has been the focus of a number of stud-
ies over the past years.1–9 Dental caries is an oral infection
known as the most prevalent dental disease among children
and adult populations worldwide and is the leading cause of
tooth loss.2,8 The inception of tooth decay in caries starts
with minute amounts of mineral loss (i.e., demineralization)
from the enamel surface as a result of the decomposition of
hydroxyapatite crystals in the acidic environment of dental
plaques.10 If a prolonged acidic environment is maintained,
early caries progresses deeper into the dentine forming a cavity
which necessitates costly and labor-intensive surgical interven-
tions. However, if dental caries is detected early enough, its pro-
gression can be stopped (i.e., arrested caries) or even reversed (i.
e., healed/remineralized) through preventive actions, such as
oral hygiene counseling or fluoride therapy.11 Nevertheless,
existing clinical caries inspection methods, such as x-ray radi-
ography and visual/tactile assessment, lack sufficient sensitivity
and specificity to detect early caries.12 As such, a number of new
technologies are currently under development to address the
need for sensitive and reliable detection of caries at early stages
of formation. Among these technologies, optical diagnostic
methods have shown great potential as they utilize the intrinsic
difference between optical properties (e.g., absorption or scat-
tering) of the sound and demineralized tissues as the source

of diagnostic contrast. Fiber-optic transillumination (FOTI)1

is one such imaging method, which uses high intensity white
light for detecting caries. However, significant scattering of
light in the visible spectrum as well as the masking effect of
background signal originating from the healthy tissue surround-
ing the malignancy leads to relatively poor sensitivity and incon-
sistent results for FOTI.1 Working on similar physical principles,
near-infrared (NIR) transmission/reflectance methods use NIR
light instead of visible light to gain deeper penetration into den-
tal hard tissues as a result of reduced scattering and absorption of
enamel in the NIR region. However, poor detection specificity to
early demineralization has been reported for these technologies
mainly due to reliance of the diagnostic contrast on enhanced
light scattering within the caries sites, which can effectively
be masked by the light scattering of the surrounding intact tis-
sues and the anisotropic structure of dentin.2,3,13

Optical coherence tomography (OCT) is another promising
modality capable of imaging the tissue microstructure within the
caries lesions. OCT works based on coherent collection of NIR
backscattered light from an illuminated focal volume within the
tissue and the analysis of the light intensity as it interferes with a
reference light beam.8 The intensity of the interference is depen-
dent upon the degree of scattering caused by structural changes
in the dental tissue.14 Fried et al.8 have demonstrated the
application of a modified OCT system capable of producing
polarization-sensitive OCT images to monitor caries lesion pro-
gression in vitro. Although promising results have been reported
from this study, due to the relatively slow imaging speed of the

*Address all correspondence to: Nima Tabatabaei, E-mail: nima.tabatabaei@
lassonde.yorku.ca 1083-3668/2016/$25.00 © 2016 SPIE

Journal of Biomedical Optics 096003-1 September 2016 • Vol. 21(9)

Journal of Biomedical Optics 21(9), 096003 (September 2016)

http://dx.doi.org/10.1117/1.JBO.21.9.096003
http://dx.doi.org/10.1117/1.JBO.21.9.096003
http://dx.doi.org/10.1117/1.JBO.21.9.096003
http://dx.doi.org/10.1117/1.JBO.21.9.096003
http://dx.doi.org/10.1117/1.JBO.21.9.096003
http://dx.doi.org/10.1117/1.JBO.21.9.096003
mailto:nima.tabatabaei@lassonde.yorku.ca
mailto:nima.tabatabaei@lassonde.yorku.ca
mailto:nima.tabatabaei@lassonde.yorku.ca
mailto:nima.tabatabaei@lassonde.yorku.ca
mailto:nima.tabatabaei@lassonde.yorku.ca


OCT technology, only isolated cross-sectional (B-scan) images
were reported rather than diagnostic images of the whole tooth.
Several other studies have also been conducted to demonstrate
the ability of OCT in detection of demineralization in enamel.15

However, factors, such as formation of image artifacts as a result
of the interfering effect of intact tissues surrounding the malig-
nancies with the backscattered light from caries, loss of coher-
ence for deep zone imaging due to high light scattering, low
imaging speed for inspection of entire tooth surface, and
high equipment cost limit the clinical adaptation of den-
tal OCT.16

Another category of optical diagnostic methodologies is
known as energy conversion technologies, which operate
based on transformation of optical energy to other energy
forms. Quantitative light-induced fluorescence (QLF) is one
such method, which uses light-to-fluorescence conversion and
the decrease in fluorescence transmission due to increased scat-
tering from demineralized spots as a source of contrast. In QLF,
fluorescence is caused by the excitation of fluorophores con-
tained within the enamel–dentin junction using visible light.
Although QLF is capable of detecting early carious lesions,4

its sensitivity to the masking effects of surface stains as well
as the need for extensive operator training hinder the applicabil-
ity of this technique in most real-life clinical scenarios.15

DIAGNODent is another caries detection device based on fluo-
rescence, which uses red light illumination to excite the bacterial
porphyrins found in dental caries. The major downside of this
method is the fact that it measures bacterial activity rather than
structural changes in enamel. In addition, the fluorescence emis-
sion from caries-related bacteria can be masked by emission
from other florescence emitting substances present in the oral
cavity, such as stains, plaque, food, fissure sealants, composite
resin materials, and even the tooth itself, which can result in
false-positive readings.15

Thermophotonic lock-in (TPLI) imaging is an alternative im-
aging modality which has recently been proposed for early den-
tal caries detection.9 This hybrid caries detection technology
belongs to the group of energy conversion methodologies,
where the excitation and detection channels are separated (i.e.,
optical excitation and thermal detection). In this imaging modal-
ity, the crosstalk between the two channels occurs at caries sites
as a result of enhanced local optical absorption within caries
lesions.17

TPLI is based on the detection of the thermal IR (Planck)
radiation from caries and uses diffusive thermal waves as mark-
ers to gather information about subsurface caries. In this
method, a low-power, continuous, and intensity-modulated
light source is utilized to generate a thermal wave field inside
the tooth and the subsequent IR emission of the thermal wave
field is captured using an IR camera.9 The role of lock-in
demodulation is to only evaluate the alternating (ac) part of
the detected signal, which carries information from subsurface
inhomogeneities.9 That is, subsurface defects alter the local
centroid of the thermal wave field, leading to a phase delay
as well as a change in the amplitude of the ac radiometric
detected signal by the IR camera. As such, lock-in demodulation
of the thermophotonic signals lead to calculation of phase and
amplitude images with respect to the reference signal (i.e., opti-
cal excitation modulation signal).9

One of the first studies incorporating lock-in thermography
for medical diagnosis was conducted by John and Salerno5 and
John et al.6 They examined the ground section of a resin-

embedded extracted human tooth using modulated optical exci-
tation and lock-in thermography. However, the result of their
study was limited only to estimation of the relative thermal
thicknesses of dental samples and no diagnostic study was car-
ried out. In a more recent study, Tabatabaei et al.9,18 used ther-
mophotonic imaging (TPI) for detection of early stages of
demineralization in dental tissues using a research-grade mid-
wavelength infrared (MWIR) camera. The study demonstrated
the great potential of TPLI for detecting early dental caries and
its diagnostic outperformance over another emerging technol-
ogy (i.e., polarized Raman spectroscopy);19 however, the IR
camera used in this study was an expensive (∼USD $80k)
research-grade camera with integrated cryogenic cooling system
not suitable for commercialization and clinical translation to
dentistry. As such, this paper takes the first step in translation
of TPLI technology into dentistry by studying the diagnostic
performance of an economically viable long-wavelength infra-
red (LWIR) thermophotonic lock-in imaging system for
detecting early dental caries.

Recent advances in the field of microelectronics have
enabled the design and manufacturing of LWIR and uncooled
microbolometer detector arrays, which no longer require inte-
grated cryogenic cooling systems, leading to a reduction in
the size, weight, and cost of the IR cameras. In addition to
affordability and small form factor, the use of LWIR over
MWIR detectors for interrogation of teeth at near ambient tem-
peratures is advantageous as the peak of the black body radiation
falls in the LWIR band at room temperature, providing consid-
erably higher photon flux to the detector and consequently, a
better detection signal-to-noise ratio. Furthermore, from the
thermal-wave science point of view, radiometric interrogation
of enamel in the LWIR band is advantageous as the direct
Plank emission (radiative heat transfer) from subsurface regions
is effectively suppressed due to the minimal optical transmit-
tance of enamel (enamel transmittance: MWIR ¼ 75%,
LWIR ¼ 7%13), allowing the registration of pure conductive
thermal waves by the camera, which carry the diagnostic
information.20

Despite the widespread implementation of LWIR detectors in
nondestructive evaluation of industrial materials,21–24 to this day,
active LWIR thermography has not been used for diagnostic im-
aging of biomedical samples. As such, the overarching aim of
the present study, which is partially based on our previously
published conference proceedings paper,25 as the first biomedi-
cal active thermography research in the LWIR band is to inte-
grate the low-cost (∼USD $8k) LWIR technology in a lock-in
thermography system to make the first step toward translation of
the existing dental MWIR technology9 to dentistry as a clinically
and commercially viable device.

2 Theoretical Modeling of Caries Detection
in the Mid-Infrared and Long-Wavelength
Infrared Bands

The light–matter interaction in turbid media (e.g., dental hard
tissues) is governed by strongly coupled diffuse-photon-density
and thermal-wave processes.26 In the case of dental caries, the
enhanced local optical scattering and absorption at caries results
in the generation of strong subsurface thermal-wave sources,
contributing to the IR detector signal radiometrically in the
form of the following depth-integrated formula26
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EQ-TARGET;temp:intralink-;e001;63;752Sðl; tÞ ∝ μ̄IR

Zl

0

Tðz; tÞ expð−μ̄IRzÞdz; (1)

where μ̄IR, l, and Tðz; tÞ are the average IR absorption coeffi-
cient over the detection wavelength bandwidth (MWIR: 3 to
5 μm, LWIR: 8 to 14 μm), caries/absorber depth, and the
induced thermal-wave field, respectively.

Equation (1) suggests that the radiometric signal registered
by the IR detector gets contributions from the thermal-wave
field in the form of an exponentially attenuated depth-integral,
with μ̄IR serving as the attenuation coefficient. Therefore, the
spectral bandwidth of the detector (MWIR versus LWIR)
plays an important role in the physical nature of the acquired
IR signals. In the case of an MWIR TPLI system, the direct
Plank emission (radiative heat transfer) from subsurface thermal
sources (e.g., early caries) dominates the conductive thermal-
wave contribution from the interrogation surface as a result
of relatively low μ̄IR (enamel transmittance: MWIR ¼ 75%)13

in this spectral region. Such dominant radiative contribution
from subsurface thermal sources in the MWIR band is carried
out at the speed of light (i.e., no delay), masking the desirable
delayed conductive thermal-wave contribution required for gen-
erating diagnostic contrast in dental TPLI images. In contrast to
the MWIR band, μ̄IR is significantly large within the LWIR band
(enamel transmittance: LWIR ¼ 7%13), which effectively
results in attenuation of the instantaneous radiative contribution
from the subsurface thermal sources, allowing for reliable detec-
tion of delayed thermal-wave contributions emanating from the
sample surface, which carry the desired diagnostic information.

To demonstrate the advantages of LWIRTPLI in detection of
subsurface absorbers in turbid media, thermophotonic signals
from thermal sources located at different depths are theoretically
modeled and the LWIR TPLI and MWIR TPLI responses are
compared. That is, the thermophotonic response (Planck
radiation emission) of a turbid medium subjected to an ampli-
tude-modulated optical excitation is calculated by solving the
associated coupled diffuse-photon-density and thermal-wave
field boundary value problem, as a simplified model of the
real-life problem (i.e., dental caries detection). Subsequently,
the response of black body absorbers (i.e., defects/early caries)
located at different depths inside a turbid medium with known
scattering and absorption coefficients (μs and μa, respectively) is
analytically derived. The frequency-domain thermal-wave prob-
lem can be formulated [Eq. (2)] by considering a depth-dependent
source term [i.e., attenuated energy fluence of a beam IðzÞ20]
for the heat diffusion differential equation as well as a thermal
source (e.g., early caries) at z ¼ L through the boundary
condition

EQ-TARGET;temp:intralink-;e002;63;208

8>>><
>>>:

∂2θðz;ωÞ
∂z2 − σ2θðz;wÞ ¼ − μa

k IðzÞFðωÞ
−k ∂θðz;ωÞ

∂z jz¼0 ¼ 0 ¼ 0

−k ∂θðz;ωÞ
∂z jz¼l ¼ IðlÞFðωÞ

θðz;ωÞ ¼ IfTðz; tÞ − T∞g;

(2)

where k, T∞, and FðωÞ are thermal conductivity, sample equi-
librium temperature, and the spectrum of the applied optical exci-
tation, respectively. I denotes the Fourier transform operator and
σ ¼ ffiffiffiffiffiffiffiffiffiffi

iω∕α
p

is the complex wavenumber, where ω and α are the
laser modulation frequency and thermal diffusivity, respectively.

By solving the differential equation, the spectrum of radiometric
signal can be calculated as
EQ-TARGET;temp:intralink-;e003;326;730

Scðl;ωÞ ∝ μ̄IR

Zl

0

θðz;ωÞ expð−μ̄IRzÞdz

¼ μ̄IR

�
A

σ − μ̄IR
fexp½ðσ − μ̄IRÞl� − 1g

−
B

σ þ μ̄IR
fexp½−ðσ þ μ̄IRÞl� − 1g

−
C

μeff þ μ̄IR
fexp½−ðμeff þ μ̄IRÞl� − 1g

−
D

μt þ μ̄IR
fexp½−ðμt þ μ̄IRÞl� − 1g

�
; (3)

where μeff ¼
ffiffiffiffiffiffiffiffiffiffiffi
3μaμt

p
, μt ¼ μa þ μ 0

s, μ 0
s ¼ μsð1 − gÞ. g is the

average cosine of the scattering angle. In this study, the absorption
coefficient, scattering coefficient, thermal conductivity, and
thermal diffusivity are chosen based on the properties of
dental enamel to be 100 m−1, 6000 m−1, 0.9 Wm−1k−1, and
5 × 10−7 m2 s−1, respectively.17

The radiometric signal is calculated for two extreme values
of IR absorption coefficients, corresponding to the two detec-
tion spectral bands (i.e., 100 m−1 for MWIR and 50;000 m−1

LWIR) at three different absorber depths (100, 500, and
900 μm) at 2 Hz modulation frequency. The modeled lock-
in amplitude values for absorbers located at 100, 500, and
900 μm below the interrogation surface for the MWIR and
LWIR detection bands are shown in Figs. 1(a) and 1(b), respec-
tively. The normalized amplitude values suggest that for
MWIR detection (small μ̄IR), the amplitude of the signal exhib-
its poor sensitivity to absorber depth as a result of low absorp-
tion of direct thermal radiation by the medium and the
consequent domination of the instantaneous direct Planck radi-
ation over the delayed conductive thermal waves. On the other
hand, in the case of LWIR detection (large μ̄IR), the amplitude
difference at various depths (i.e., detection sensitivity)
becomes considerable as the instantaneous Planck IR radiation
is strongly absorbed by the medium surrounding the subsur-
face thermal sources, allowing for the proper detection of
delayed conductive thermal waves.

The lock-in phase values for signals originated from absorb-
ers at different depths are also modeled for both values of IR
absorption coefficients. As depicted in Figs. 1(c) and 1(d), a
similar behavior to the amplitude values is observed in the
phase channel. At the MWIR detection band, the instantaneous
contributions of the direct Planck emission from deep regions
dominate the conductive thermal wave contributions.
Consequently, there will be minimal contrast between defects
located at different depths. On the contrary, the modeling
results at the LWIR band show a substantial phase difference
between the signals originating from absorbers at different
depths. The phase values demonstrate such a trend due to
the suppression of direct IR (Planck) emission, allowing
only the thermal waves to conductively reach the surface of
the tooth and contribute to the camera signal. The obtained
results from theoretical modeling demonstrate that LWIR
detection yields better diagnostic contrast in TPI of dental
hard tissues than the existing caries detection technology in
the MWIR band.
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3 Materials and Methods

3.1 Experimental Setup

Figure 2(a) depicts a schematic of the LWIR TPLI system
used in this study. The setup consists of a multimode fiber
coupled (core diameter ¼ 200 μm) continuous-wave NIR
laser (808 nm; Jenoptik, Jena, Germany). A laser controller
unit (Ostech, Berlin, Germany) is used to thermally stabilize
the laser and to modulate its intensity. In order to have an illu-
mination beam with uniform optical intensity over the interro-
gated area of the sample, a collimator (Thorlabs, Newton, New
Jersey, F220SMA-780) in conjunction with an optical diffuser
(Thorlabs, Newton, New Jersey, ED1-C20-MD) is used.

A low-cost LWIR camera (Xenics, Leuven, Belgium) with
Cameralink communication protocol standard, spectral range
of 8 to 14 μm, and maximum frame rate of 50 fps is focused
on the surface of a LEGO-mounted sample. The sample is
placed on a rotation stage mounted on a three-axis XYZ
translation stage (precision 10 μm). An 18-mm focal-length
objective lens (Xenics OPT-000179) along with a custom

made extension tube is installed on the camera to obtain a mag-
nification of unity (1) from the interrogated surface of the sam-
ple. LWIR camera frames are acquired by a frame grabber
(Euresys, Angleur, Belgium, Grablink Full). A multifunctional
data acquisition board (National Instruments, Austin, Texas, NI
USB-6363 BNC) synchronously generates three analog signals:
reference pulse train, in-phase, and quadrature reference signals.
The laser controller modulates the intensity of the laser beam
using the in-phase reference signal.

The lock-in demodulation algorithm [Fig. 2(b)] is imple-
mented in a computer program, designed in the LabView envi-
ronment, which captures the images at a specified frame rate and
at the same time records the corresponding values of in-phase
and quadrature signals as well as the reference pulse train status
(high or low).The program captures an image sequence and
finds the beginning of a modulation cycle using the pulse
train information and uses the reference signal values to calcu-
late the weighted average of an image sequence corresponding
to an integer multiple of lock-in modulation period using the
instantaneous readings of the two reference signals [Fig. 2(b)].
Subsequently, the weighted frames are summed to obtain the

Fig. 1 Phase and amplitude of the theoretical radiometric signals calculated for MWIR and LWIR
detection spectral bands for absorbers located at different depths: normalized amplitude values for
(a) LWIR (μ̄IR ¼ 50;000 m−1) and (b) MWIR (μ̄IR ¼ 100 m−1) and normalized phase values for
(c) LWIR (μ̄IR ¼ 50;000 m−1) and (d) MWIR (μ̄IR ¼ 100 m−1).
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low-pass filtered in-phase (S0) and quadrature (S90) images. The
amplitude and phase images are then calculated by applying
[Eq. (4)] to each pixel:

EQ-TARGET;temp:intralink-;e004;63;413A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðS0Þ2 þ ðS90Þ2

q
and φ ¼ arctan

�
S90

S0

�
: (4)

3.2 Synchronous Undersampling

One of the limitations of inexpensive IR cameras is the low
frame rate (e.g., maximum of 50 Hz for the LWIR camera
used in this study), limiting their ability to monitor high fre-
quency phenomena. Theoretically, to retrieve the amplitude
and phase information of signals, a minimum of n ¼ 4 samples
per modulation cycle are to be obtained;27 however, oversam-
pling of typically n ¼ 10 is often employed in practice to
achieve an acceptable signal to noise ratio. To overcome the
acquisition speed limitation in our LWIR TPLI system, for
modulation frequencies above 5 Hz, the LabView data acquis-
ition program automatically runs a subroutine based on the syn-
chronous undersampling algorithm in which the required “n”
samples per modulation cycle are captured from “n” consecutive
cycles instead of 1.27 Using this method, the developed system
can reliably interrogate dental samples at photothermal modu-
lation frequencies of up to 1 kHz.

3.3 Samples

In this study, the diagnostic performance of the LWIR imaging
system is evaluated through artificial demineralization of dental
samples. Following the research ethics guidelines in place at
York University, extracted human molars were obtained from
local dental offices and those with no visible stains or white
spot lesions were selected for the study. After preliminary visual

inspection, the samples were cleaned and mounted on LEGO
blocks using an epoxy adhesive. This allows the samples to
be remounted in the same position in the experimental setup dur-
ing repeated measurements.

3.4 Controlled Demineralization Protocol

Awidely used lactic acid-based solution9,19,28–32 was applied on
dental samples to induce controlled demineralization. The sol-
ution was an acidified gel, consisting of 0.1 M lactic acid and
0.1 M NaOH, gelled to a thick consistency with the addition of
6% w/v hydroxyethylcellulose. The aim of controlled deminer-
alization in the current study was to observe the contrast
between demineralized and healthy areas during different stages
of caries formation. To this end, a treatment protocol was fol-
lowed in a time-dependent experiment in which the tooth sur-
face was covered with an acid-resistant transparent nail polish
except for a 2.5 mm ðWÞ × 5 mm ðHÞ rectangular window (i.e.,
treatment window). The demineralization on the window was
carried out by submerging the sample in a test tube containing
20 ml of demineralizing gel. The treatment was repeated in 4 or
6 h as well as 2-day intervals for the detection threshold and
controlled demineralization studies, respectively. After each
treatment, the sample was removed from the gel, cleaned by
rinsing under running water, and dried in air. Then the transpar-
ent nail polish was removed from the interrogated surface with
nail polish remover and the sample was again rinsed and air
dried before TPLI. In addition, a photograph of the sample
was taken using a high magnification CCD camera at each
demineralization step to monitor the appearance of the white
spot lesion. After imaging, the sample was again covered
with the transparent nail polish (except for the treatment win-
dow) and demineralized for an additional treatment interval
in order to investigate the progression of demineralization.
The treatment window of samples used in this study was

Fig. 2 (a) The experimental setup consisting of a NIR laser, an LWIR camera, a frame grabber, and a
multifunctional DAQ device. (b) Signal processing algorithm.
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demineralized for up to 10 days and imaging was carried out on
the untreated sample and after each treatment step. Several stud-
ies carried out using gold standard methods, such as transverse
microradiography, have verified the ability of this demineraliza-
tion protocol in producing a subsurface lesion in enamel with a
sound surface layer (i.e., the characteristic mineral profile of
early dental caries).19,29–31,33

4 Results and Discussion
To investigate the progression of demineralization into the
enamel over time, a systematic normalization procedure9 was
employed to the TPI phase images to ensure that the sequence
of images taken at various stages of demineralization is self-con-
sistent as the optical and thermal properties of teeth slightly
change over time. That is, for any given phase image, the
pixel values were normalized by the average pixel value of
an intact reference area [e.g., dashed reference area in Fig. 3(c)].
This normalization is the only modification made on the raw
TPLI phase images. In this article, only thermophotonic
phase images are presented as, in contrast to the amplitude
images, phase images are intrinsically emissivity normalized,18

which makes them insensitive to the variations in the optical
power of the laser and/or surface conditions (e.g., stain) of
the sample. Moreover, the excitation wavelength and detection
spectral band are carefully selected, based on the existing liter-
ature, to avoid interference of biofilms34–36 and stains37–39 with
TPI of early caries.

4.1 Detection of Smooth Surface Caries

The visual photograph of the sample before demineralization is
depicted in Fig. 3(a). The dashed rectangle indicates the inter-
rogated surface of the sample in our TPI system, whereas the
solid rectangle shows the location of the treatment window.
No dominant defect is visually observed in this sample. The
TPLI phase image obtained at 2 Hz modulation frequency

before application of artificial demineralization [Fig. 3(c)]
also confirms this finding. As such, the sample was deemed
to be reasonably healthy before application of the demineraliza-
tion protocol. The visual photograph of the sample after appli-
cation of demineralization for 10 days is shown in Fig. 3(b). To
acquire the photographs, the samples are air-blown for 10 s and
dried to simulate the condition under which the visual inspection
of caries is typically carried out in clinic. Comparison of the two
visual photographs, carried out by a dental practitioner blinded
to the study, indicated no obvious sign of mineral loss (i.e.,
white spot lesion) within the treatment window even after 10
days of demineralization, suggesting the insensitivity of the con-
ventional visual inspection method to detection of early demin-
eralization. However, the presence of a lesion is clearly observed
in the TPLI phase image of Fig. 3(d) taken after only 2 days of
demineralization, confirming the ability of the LWIR TPLI sys-
tem to identify early caries not detectable via visual inspection.

Figures 3(d)–3(h) show the phase images taken at 2, 4, 6, 8,
and 10 days of treatment, respectively. It should be noted that the
same contrast mapping has been applied to all images of Fig. 3
to ensure the validity of comparison between the images.
Careful inspection of the image sequence obtained at different
stages of demineralization reveals that as the treatment time
increases, the caries lesion becomes more apparent while the
intact areas in the images appear with a similar contrast. This
monotonic increase in the average phase values is due to the
substitution of hydroxyapatite crystals from close-to-surface
enamel with microcavities leading to an increase in the demin-
eralized lesion depth, which enhances local light scattering and
absorption near the surface. As the demineralized region’s thick-
ness increases, the thermal-wave centroid shifts farther away
from the surface, resulting in an increase in the phase lag
between the optical excitation (i.e., reference signal) and the
acquired IR response signal.

To further demonstrate the changes in phase values over vari-
ous stages of demineralization progression, the average phase

Fig. 3 Optical image of the smooth surface of extracted human molar (a) before demineralization and
(b) after 10 days of demineralization on the treatment window. TPLI phase images of sample (c) before
and after (d) 2, (e) 4, (f) 6, (g) 8, and (h) 10 days of treatment obtained at 2-Hz modulation frequency.
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values within the treatment window and the corresponding stan-
dard deviations are plotted in Fig. 4. The increasing trend in the
contrast between treated and intact areas can be quantitatively
validated by comparing the average phase values for the
untreated, 2, 4, 8, and 10 days of treatment, which are found
to be −7.69, 16.54, 18.12, 38.75, 40.77, and 50.95 deg, respec-
tively. The increasing trend in phase values indicates the shift of
the thermal-wave centroid away from the interrogated surface of

enamel as more minerals are removed from the enamel. The
obtained results demonstrate the ability of the developed low-
cost LWIRTPLI system in detecting early smooth surface caries
not detectable through visual inspection.

4.2 Detection of Occlusal Caries

Occlusal caries are the most prevalent type of dental caries,
which can progress deep into the enamel and form a cavity.
The significance of detection of early occlusal caries lies in
the fact that this surface cannot directly be inspected through
x-ray radiography. The reason for this limitation is that x-ray
radiography works based on the transmission of radiation
through the enamel and as such proper interrogation of occlusal
surface requires the detector to be placed beneath the occlusal
surface, which is not feasible in dental practice. However, TPLI
operates in reflection mode and can thus directly interrogate the
occlusal surface.

In order to test the ability of the developed low-cost TPI sys-
tem to detect early occlusal caries, a 10-day demineralization
procedure, similar to that applied to smooth surface of a
tooth, is applied on a treatment window placed on the occlusal
surface of a relatively healthy sample [shown in Figs. 5(a) and
5(c)]. Figure 5(b) shows a photograph of the sample after 10
days of treatment. No obvious indication of demineralization
is observed in this image. On the contrary, the inception and
progression of early occlusal caries is clearly evident in the
TPLI phase images of Fig. 5. Figures 5(c)–5(h) exhibit a similar
trend to that of smooth surface caries in terms of the increase in
contrast between the treatment window and intact areas as the

Fig. 4 Average phase values within the treatment window for sam-
ples at several demineralization stages.

Fig. 5 Optical image of the occlusal surface of extracted human molar (a) before and (b) after 10 days of
demineralization on the treatment window. TPLI phase images of sample (c) before and after (d) 2, (e) 4,
(f) 6, (g) 8, and (h) 10 days of treatment obtained at 2-Hz modulation frequency.
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treatment time increases. However, due to the nonuniformity of
physical and structural properties of the occlusal surface and its
complex geometry, the extent of demineralization is variable
throughout the treatment window.

The obtained results from this study, as the first controlled
demineralization imaging investigation on occlusal caries, sug-
gest the potential of the developed LWIR TPLI system in prob-
ing early occlusal caries frequently encountered in the clinical
practice.

4.3 Determination of Detection Threshold

The results obtained from the controlled demineralization stud-
ies of smooth surface and occlusal caries indicate that the devel-
oped TPLI system using a low-cost LWIR camera is capable of
detecting early caries. Another important parameter of a diag-
nostic modality is its detection threshold (i.e., how early the sys-
tem can detect caries?). To this end, a time-dependent controlled
demineralization procedure is followed in small intervals (4- and
6-h) up to 2 days of treatment to create minute amounts of
demineralization in a rectangular window located on the smooth
surface of a dental sample. Similar to the previous results, it was
observed that as the treatment time increases, the phase contrast
between the treatment window and the intact regions increases
due to the progression of the artificially induced early caries
lesion into the enamel.

The bar plots of Fig. 6 along with their standard deviations
suggest that before 12 h of treatment, the system is not sensitive
enough to statistically differentiate between the healthy and
demineralized tissues as the average phase values of the 4-
and 8-h treated windows fall within the standard deviation of
phase values obtained from the untreated sample. However,
after application of demineralization for 12 h or more, the
early caries can be statistically differentiated due to an increase
in the average phase values above the detection threshold of the
imaging system. The instability in the average phase value trend
appears to be consistent with the concurrent occurrence of
demineralization and remineralization cycles proposed by the
early caries formation mechanism theories.10

5 Conclusions
In this study, we present a low-cost thermophotonic lock-in im-
aging system for detection of early dental caries using an in-
expensive LWIR camera. To the best of our knowledge, this
work is the first report on the application of active thermography
in the LWIR band for diagnostic imaging of biological samples
(i.e., detection of early dental caries). Through theoretical mod-
eling, we have demonstrated that thermophotonic detection of
early dental caries in the LWIR band results in improvement
in the detection sensitivity compared to the previously reported
system detecting in the MIR band. The diagnostic performance
of the LWIR system has been examined by monitoring the for-
mation and progression of artificially induced early smooth
surface and occlusal dental caries. The follow-up in vitro experi-
ments confirm the sensitivity of our noncontact and noninvasive
diagnostic imaging system to early demineralization, not detect-
able through conventional clinical inspection methods. The
obtained results also suggest that LWIR TPLI is able to effec-
tively probe the occlusal surface of tooth, which cannot be
directly imaged through x-ray radiography. Our detection
threshold study suggests that the developed system is capable
of detecting artificially induced caries of greater than 12 h.
In conclusion, the developed low-cost imaging system is able
to provide reasonable contrast and sensitivity to early caries
lesions and, therefore, has great potential for integration into
a commercially and clinically viable dental diagnostic imaging
device.
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