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caries ablation with continuous diode laser using thermal imaging
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Abstract
We describe the time-resolved thermal changes in indocyanine green (ICG)–assisted diode laser ablation of dental caries as a
potential technique for painless treatment based on the selective photoabsorption and controlled photothermal ablation. Static
ablation mode produced a higher temperature rise compared with scanning mode due to localized accumulation of heat. A
temperature rise between 45–80 and 70–95 °C was obtained after 20 s that corresponded to 29 and 80W cm−2, respectively. The
temperature of the tooth surface increased by irradiation time, and it behaved linearly up to 70 °C at 29 and 80 W cm−2. A
maximum ablation per area of about 0.3 and 0.45mg cm−2 was achieved after 80 s exposure at 29 and 80W cm−2, respectively. A
statistically significant difference is observed in mean carious teeth weight at various exposure times between low and high
irradiances. A thermal penetration depth of 0.8–9mm is determined for 1–100 s of exposure time. The IR thermal imaging of ICG
temperature as a function of exposure time showed a linear increase for 60 s beyond which it deviated. The laser-induced
fluorescence spectroscopy indicated that the ICG quality can be altered during the course of irradiation, which in our case, it
corresponded to ≈ 78% loss of signal within 23 min of exposure. The caries removal experiment was performed within 100 s
corresponding to ≈ 7% loss. We believe that the application of the above-combined technique can be utilized as a monitoring
device to control the ablation interaction process.
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Introduction

Dental caries is the most prevalent chronic infectious disease,
which arises from an overgrowth of specific bacteria that can
metabolize fermentable carbohydrates, hence producing acids
as waste products of their metabolism. The dentinal lesion

consists of two distinct layers with different ultrastructural
and chemical characteristics. When the outer layer is contam-
inated with bacteria, the matrix significantly degrades and it
cannot be remineralized. But the inner layer, which is not
contaminated with bacteria, partially becomes demineralized
[1]. Caries can be described as a process resulting in structural
changes to the dental hard tissue, and its onset normally is
characterized by microscopically visible surface deminerali-
zation on dental tissue, but visual inspection presents lower
sensitivity and is subjective. In this regard, extensive research
has been done in two particular directions of diagnosis and
removal.

In the former case, it is important that hidden caries be
diagnosed at early stages so that appropriate preventive and
restorative treatment can be applied promptly. Some of the
applied techniques include the following: plasma spectrosco-
py (PS) [2–5], polarized Raman spectroscopy (PRS) [6], light
scattering [7], optical coherence tomography (OCT) [8], fibre-
delivered confocal microscopy (FCM) [9, 10], quantitative
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light fluorescence (QLF) [11–13], photothermal radiometry
(PTR) [14], photothermal imaging (PTI) [15], near IR imaging
(NIRI) [16] and diagnodent laser fluorescence (DLF) [17, 18].

Over the decades, a variety of lasers have been used in
research and clinical practice in dentistry due to less pain
compared with the mechanical high-speed drilling process,
selective tissue removal, analgesic and inflammatory effects
and also the benefit of more cost-effective treatment. These
lasers mainly include CO2 (carbon dioxide) 10.6 μm [19],
Ho:YAG (holmium:yttrium aluminium garnet) (2.1 μm)
[20] and Nd:YAG (neodymium:yttrium aluminium garnet)
(1.06 μm) [21] which have indicated evidence of cracking,
melting, fissuring and charring on enamel, pulp and dentin
tissues. However, laser such as Er:YAG (erbium:yttrium alu-
minium garnet) (2.94 μm) [22] with maximum peak absorp-
tion in water, Er:YSGG (erbium:yttrium scandium gallium
garnet) (2.79 μm) [23] and HF (hydrogen fluoride) (2.75–
2.94 μm) [2] wavelengths match the absorption peak of hy-
droxyapatite produce relatively cleaner cuts and ablation.

Ultrashort lasers have shown to produce considerably less
thermal and mechanical damage compared with longer pulse
duration [24]. Despite this, in most clinical cases, focusing and
high power are required for ablation, which normally leads to
a rapid tooth superficial temperature rise and hence heating the
layers beneath. It has recently been demonstrated that high
power pulsed laser ablation of dental materials such as normal
tissue, caries and amalgam can produce a significant amount
of photoacoustic pressure and plasma-induced temperature,
which increases with laser fluence [5]. However, it is note-
worthy that the thermal and acoustic transients and hence the
physical effects depend on how weak or strong absorbing is
the material, which in turn determines whether it is thermally
thick or thin and optically transparent or opaque. It is this
condition that governs the degree and location (i.e. surface
or bulk) of possible microstructural damage caused during
the process of laser interaction.

It has been shown that indocyanine green (ICG-
C43H47N2NaO6S2) with an absorption band between 600
and 900 nm and a peak around 810 nm can be a potential
alternative to efficiently remove dental caries [25–29] and
perform soft tissue soldering to reduce the thermal and me-
chanical side effects [30, 31]. Its mechanism is based on the
selective photoabsorption of 810 nm diode laser wavelength
where ICG shows an absorption band between 600 and
900 nm, which results in localized heat deposition at the site
of action, thus confining the energy penetration in a small
volume [25]. Therefore, the risk of thermal damage to the
surrounding hard and soft tissues is reduced because ICG
has the advantage of binding well to proteins and water, which
tends to bind to caries rather than to the surrounding healthy
tissue where they absorb poorly the near-infrared light [25, 27,
31]. Hence, the requirement for precise focusing and aiming
of the laser beammay be neglected. The goal of this work was

to study the time-resolved thermal characteristics of dental
caries ablation using a continuous diode laser and an infrared
absorbing agent (i.e. ICG) and, also, to monitor the quality of
ICG during the ablation process by laser-induced fluorescence
spectroscopy and thermal imaging.

Materials and methods

Altogether, twenty carious mandibular premolars, molar
(wisdom) and incisor samples with age ranging between 20
and 40 that were extracted for different reasons were provided
and categorized by the Tehran Medical University, Faculty of
Dentistry. The samples were collected on the same day of
extraction or on the following day. Immediately after extrac-
tion, they were cleared of food particles lesions or blood clots
using a toothbrush under running tap water and stored in 10%
formalin at room temperature prior to their sterilization by 1%
hypochlorite. The samples were then preserved in deionized
water for 1 day before the experiment. To ensure that the
change in measured mass is due to the ablation and not due
to the dehydration, the samples were placed inside a dry
(Ohaus, H-4737) oven on the paper filter for 4 h at 37 °C to
dry before laser irradiation; no difference in mass measure-
ment was observed between before and after drying.

Experiment

Prior to the experiment, the absorbance of ICG was measured
by UV-Vis spectrometer (Cole-Parmer-Canada). A home-
built tunable CW 1.5–6 W diode laser with peak emission at
810 nm with a linear beam profile with dimensions of 1 ×
7mm2was used to irradiate the samples at various irradiances.
ICG sodium salt is normally available in powder form and can
be dissolved in various solvents; 5% (< 5% depending on
batch) sodium iodide is usually added to ensure better solubil-
ity. Based on our previous experience, 0.25 mg of ICG was
mixed with 1ml of deionized water to prepare the dye solution
source from which about 100 μg ml−1 was applied on the
sample surface using 1 ml disposable tuberculin needle as
shown in Fig. 1.

Two modes of static and dynamic (i.e. scanning) were test-
ed to compare the results. In the former case, the laser spot
irradiated a new position at the surface, whereas in the latter, a
stepper motor scanned the laser probe on the surface. The
ablation experiment was performed in the static mode. An
air-water spray was used to clean the irradiated surface. A
digital K-type thermometer (CHY502A1, CHY Firemate
Co., Taiwan) was positioned directly at the surface to measure
the temperature variation. The temperature was measured
once per second using CHY recording software. The initial
mass of the tooth before (mi) and after the dry oven (md) and
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laser exposure (ml) was measured using a sensitive scale; the
total mass removed (mf) was calculated as mf = md − ml. A
new sample was used for measurement of temperature at var-
ious exposure times and irradiances. The images were record-
ed by a fast CCD camera (Panasonic Super Dynamic WV-
CP450) connected to an optical microscope (Prior-UK). The
fluorescence of ICG was recorded via a 500 μm core diameter
optical fibre to UV-Vis spectrometer (USB 2000, Ocean
Optics) equipped with 2048-pixel linear silicon CCD array
(14 μm× 200 μm) with a detector range of 200–850 nm and
an optical resolution of 1.5 nm (full-width half maximum)
FWHM, where it was then analysed by a computer. To mon-
itor the thermal response of ICG alone, a clear PVC tube with
a dimension of 10 × 2 mmwas filled with 1 ml of solution and
irradiated at constant irradiance of 29 W cm−2 at the perpen-
dicular direction, and the corresponding temperature was mea-
sured by a thermal camera (Fluke- PTi120-Canada). In this
way, the gradual heat distribution with exposure time within
ICG was easily monitored.

Results

Figure 2a shows the absorbance peaks of ICG at 720 and
780 nm where the latter is very close to the laser wavelength.
Initially, the thermal response of the sample was studied as a
function of time at different irradiances where a new position
was irradiated in each case. As it is seen in Fig. 2b, the tem-
perature of the surface increases linearly with exposure time
and the irradiance. The temperatures of about 46 °C and 82 °C
were achieved at 29 W cm−2 corresponding to 20 and 100 s
irradiation time, and it increased to between 70 and 90 at
80 W cm−2 and above 100 at about 160 W cm−2 for the same
period of exposure.

Time-resolved temperature dynamic in static mode at con-
stant irradiance of 29 and 80 W cm−2 is illustrated in Fig. 3a
where the curve in both cases initially behaves linearly for
nearly 20 s where it approaches the turning point and the
temperature continuous increasing reaching 80 °C and 90 °C
at 29 and 80 W cm−2, respectively. However, in the scanning

mode, the temperature was much lower than the static mode
likely because of lower thermal accumulation and rapid heat
sink due to ohmic loss and conductivity. The effect of the
number of scans on temperature rise at a constant value of
80 W cm−2 shows that on average the temperature reaches
to about 30 (Fig. 3b), 40 (Fig. 3c) and 35 °C (Fig. 3d) after
6, 14 and 18 scans, respectively. This might be due to com-
plete evaporation of the ICG layer after a defined number of
scans, and the laser beam makes direct contact with the tooth
surface.

The average of ablation per area for three samples after
irradiation was calculated as described above, and the results
are shown in Fig. 4a, where at 29 W cm−2, the ablation in-
creases linearly up to 60 s after which it deviates from linearity

Fig. 2 a Absorbance of ICG with a peak around 800 nm. b Variation of
tooth surface with irradiance at various exposure time

Fig. 1 An example of a carious
tooth before and after applied ICG
chromophore
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due to non-linear coupling mechanisms of light propagation,
thermal, material and hydro-responses. It is known that the
dynamic variation of optical properties with temperature can
change the optical response of material such as tissue with
laser irradiance [32, 33]. At 80 W cm−2, the ablation rate is
considerably higher and increases linearly with the exposure
time. A statistically significant difference can be seen in mean
carious teeth weight at various exposure times between low
and high irradiances. The ablation of carious lesions is via
ICG preferential binding to caries rather than to the healthy
tissue, and therefore, the laser selectively removes the dye
caries combination. The temperature variation with ablation
is indicated in Fig. 4b, where at 29 W cm−2, the temperature
behaves linearly up to 40 s corresponding to about 65 °C and
then deviates at higher exposure time due to stronger evapo-
ration and reaching to about 76 °C after 80 s with maximum
ablation rate of 0.31 mg cm−2. However, at a higher value of

80W cm−2, a sharp rise of temperature after 40 s was observed
exceeding 95 °C corresponding to about 0.47 mg cm−2 after
100 s irradiation.

At this stage, an independent experiment was performed to
study the ICG quality during the ablation and its temperature
variation with exposure time at constant irradiance of
29 W cm−2. Typical radial temperature profiles of the ICG
tube during the heating are presented in Fig. 5a–h, and as seen
in Fig. 5i, the temperature increase exhibits a non-linearity
after 60 s and it reaches to about 105 °C after 100 s. After
this, the temperature remained almost constant and the laser
was switched off allowing the ICG to gradually cool down.
This confirms that within the acceptable experimental error of
about 10% between contact and non-contact measurements,
the results are very closely related and that the ICG was not
completely evaporated within a short period.

Fig. 3 Time-resolved
measurement of carious tooth
surface temperature with time at
various irradiances: a static at
29 W cm−2 and b 14, c 16 and d
18 scans at 80 W cm−2,
respectively

Fig. 4 a Variation of average mass removal per area with time at different irradiances. b The corresponding temperature rise at the surface
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However, it was shown that at longer exposure time, its
chemical property gradually changes. As seen in Fig. 6, the
time-resolved laser-induced fluorescence signals slowly de-
crease with exposure time losing about 78% of its fluores-
cence within 23 min. Since, in our case, the experiment was
performed within 100 s, this corresponds to ≈ 7%, which can
be assumed negligible, and thus, no significant change could
affect the results. It is noteworthy that ICG has a half-life of
150 to 180 s in the body, which is then removed from circu-
lation exclusively by the liver.

Figure 7 demonstrates microscopic images of decay abla-
tion at various irradiances and irradiation times where Fig. 7
(a, b) and (c, d) correspond to before and after ablation using

20 and 100 s exposures at 29 W cm−2, respectively, and the
corresponding results for 80W cm−2 are shown in Fig. 7 (e, f)

Fig. 5 a–h The IR thermal
images of temperature rise of ICG
with diode laser irradiation time
and i the corresponding plot of a

Fig. 7 Microscopic images of teeth samples (a, b) and (c, d)
corresponding to before and after ICG-assisted caries removal for 20
and 100 s irradiation time at 29 W cm−2, respectively, and (e, f) and (g,
h) represent the corresponding results at 80 W cm−2

Fig. 6 The laser-induced fluorescence spectra of ICG as a function of
irradiation time. Note a gradual decrease of intensity from a to e due to
thermal effects corresponding to 73% within 23 min
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and (g, h). Clearly, as the irradiance and the irradiation in-
crease, cleaner results are obtained, but at the same time, the
temperature also increases which needs to be optimized. This
is due to ICG preferential penetration in caries where it strong-
ly binds with water and protein content (Fig. 7).

Discussion

The chromophore-assisted (i.e. ICG) ablation offers a poten-
tial technique for removal of dental caries; however, the dy-
namic of temperature profile during the operation should be
considered to prevent excessive thermal damage and also
monitor the ICG quality. The concepts of wavelength-
dependent tissue absorption, optical penetration depth and
thermal relaxation time allow a rational selection of laser
wavelengths and define the exposure conditions. These pa-
rameters can be chosen and optimized so that minimal tissue
injury is provided. The idea of the concept of selective
photothermolysis was introduced by Anderson and Parrish
[34].

The advantage of this technique is that the energy is selec-
tively absorbed and deposited in the target area in a controlled
manner and that there may not be a need for precise focusing
and aiming of the laser beam. Because of increased absorption
characteristics of the dyed tissue, lower irradiances may be
used to achieve the required effect. When the laser radiation
interacts with ICG, the selective absorption of energy is trans-
formed into heat acting as a heat source within the medium.
The subsequent temperature rise in the ICG is conducted to
caries underneath leading to its ablation via vaporization and
possibly pyrolysis of macromolecules. At the ablation or near
ablation threshold, heat is deposited at the surface as the heat
of ablation Ha (J kg

−1) and the energy balance at the ablation
front position in 1-D is

K
∂T
∂z

¼ ρHab
dx
dt

ð1Þ

So, a positive ablation velocity (dx/dt) should have a pos-
itive temperature gradient (∂T/∂z) and a net heat flow to the
surface of the sample according to Fourier’s law of heat trans-
fer. The spatial distribution of this heat source is directly re-
lated to a number of factors including the profile of heat
source, the optical properties of the medium (i.e. absorption
and scattering) and the magnitude of heat produced. The tem-
perature field is governed by the time and space-dependent
Fourier parabolic heat equation

ρc
∂T x; tð Þ

∂t
¼ K∇2T þ Q tð Þ ð2Þ

where T (r, t) (K) is the temperature, t(s) is time, ρ is the
density (kg m−3), c is the specific heat capacity (J kg−1 K−1),

K (W m−1 K−1) is the thermal conductivity, Q (r, t) = Iα = P/V
is the amount of heat deposited per unit volume, I is the laser
irradiance (W cm−2), α is the absorption coefficient (cm−1), P
is laser power (W) and V is the volume (cm3). The temperature
due to heat deposition is defined by

T r; tð Þ ¼ α
ρcp

∫
t

0
Idt ð3Þ

But the dynamics of optical properties such as absorption
coefficient changes during the course of heating at constant
irradiance; thus, the change of temperature with depth is de-
fined in terms of absorption coefficient as a function of time.

∂T r; tð Þ
∂z

¼ I
ρcp

∫
t

0

αdt
∂z

ð4Þ

At the ablation threshold, the heat deposited at the surface
is expended as the heat of ablation, i.e. the heat due to irradi-
ance, qρ(r) = Vi qρ(r) d

3r, where the integral is over ICG vol-
ume, Vi , and the heat deposited deeper within caries is used to
increase the temperature. Assuming that the scattering coeffi-
cient of ICG at ≈ 810 nm is negligible compared with its
absorption coefficient (i.e. α > > β), then 85% of incident
laser energy is absorbed within twice the optical penetration
depth, d0, of material. For 0.25 mg ml−1 ICG at 810 nm, α ≈
117 cm−1, which gives an optical penetration depth of
d0 ≈ α−1 ≈ 85 μm [35], and the heat delivered per unit volume
of ≈ 3.4–9.4 W mm−3 for corresponding irradiances, respec-
tively. Assuming the values of density, ρ ≈ 1.7 g cm−3, ther-
mal conductivity K ≈ 0.0056 W cm−1 °C−1 and specific heat
capacity ≈ 3.4 Js−1 °C−1 for ICG, thermal diffusivity can be
calculated by k ≈K/ρC ≈ 1.53 × 10–3 cm2 s−1. Thus, the ther-
mal relaxation time within ICG is defined and given by using
τr ≈ d0

2/k ≈ 1.2 ms. Thus, a thermal penetration depth of
XT ≈ (4kt)1/2 ≈ 0.8–9 mm is determined for 1–100 s of expo-
sure time.

This result suggests that longer irradiation time, which
gives a thermal depth in order of few millimetres may not be
recommended due to proximity of heat transfer to soft and
sensitive pulp region. Therefore, the laser deposition and sub-
sequently the heat conduction and temperature rise within the
tissue will determine the final effect on the tooth and hence the
extent of morphological changes. The final temperature pro-
file will be a function of tissue configuration, beam size, dye
concentration and exposure time. The IR thermal imaging of
ICG temperature as a function of exposure time provided use-
ful information about heat distribution and that it exhibited a
non-linear behaviour. Interestingly, the curve was linear for
about 60 s similar to Fig. 4a, where the mass removal became
non-linear.

This may suggest that the onset of non-linearity, for given
reasons, at a particular exposure time plays a role in the
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removal rate due to changes in the interaction process, which
is briefly mentioned above. The laser-induced changes in fluo-
rescence of ICG demonstrated a series of linearly decreasing
signals by time, which is indicative of some alterations in ICG
quality occurring in the process of heating. This can be taken
as an advantage to monitor online the laser-caries interaction
process where the reduction of peak intensity can represent the
time for loss of ICG quality and consequently the changes in
the ablation rate. In this case, a loss of 7% was estimated for a
total of 100 s irradiation before any significant changes take
place in intensity.

Conclusions

The ICG-assisted diode laser ablation of dental caries
technique can offer a potential alternative to non-dye
laser ablation and the mechanical drill as a painless
treatment due to selective and controlled photothermal
ablation. Thermal side effects due to the temperature
rise in the dental pulp can be controlled by the laser
power, exposure time and the dye concentration used.
Thus, minimum thermal damage is expected to the sur-
rounding hard and soft tissues determined by thermal
penetration depth. Increasing the irradiance increases
the tooth surface temperature, which also increases lin-
early with exposure time. Static ablation mode produced
a higher temperature rise due to the localized accumu-
lation of heat. In practice, an external cooling system
can be used to reduce the possible excess thermal effect
on the surrounding area. The thermal imaging and fluo-
rescence results provided some useful practical online
information, which can be utilized to monitor the qual-
ity of ICG during the laser interaction process.
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