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Abstract. Laser technology has been studied as a potential replace-
ment to the conventional dental drill. However, to prevent pulpal cell
damage, information related to the safety parameters using high-
power lasers in oral mineralized tissues is needed. In this study, the
heat distribution profiles at the surface and subsurface regions of hu-
man dentine samples irradiated with a Nd:YAG laser were simulated
using Crank-Nicolson’s finite difference method for different laser en-
ergies and pulse durations. Heat distribution throughout the dentin
layer, from the external dentin surface to the pulp chamber wall, were
calculated in each case, to investigate the details of pulsed laser-hard
dental tissue interactions. The results showed that the final tempera-
ture at the pulp chamber wall and at the dentin surface are strongly
dependent on the pulse duration, exposure time, and the energy con-
tained in each pulse. © 2003 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction laxation time(7,) of the tissue; See ed7) below. 2. the

Laser technology has become an important tool used in sev-delivery of sufficient energy in each pulse to ablate or modify
eral applications in dentistry including hard tissue ablation, he tissue, removing hot tissue before heat is transferred to the
oral surgeries, laser therapy, and reduction of dentinal hyper-2djacent structures; and 3. ablation of dense tissue such as
sensitivity symptoms. Based on the temperature increase orP@ne or tooth by rapid heating and/or plasma formation.

the surface, Nd:YAG lasei\=1064 nm irradiation in dentin Several studies have shown the effects of laser irradiation
causes surface melting that can mechanically block the den-On dental pulp, but the results are controversial. Some reports
tinal tubulest=® The resulting molten layer can avoid the demonstrated no effect on pulp, while others reported differ-
movement of the liquid contained inside the dentinal tubules, ent levels of damage. Powell, Whisenant, and Mcttdem-
which is the largely responsible for the dentin hypersensitivity onstrated that a temperature rise of 6 °C can cause irreversible
symptoms- Thus, the major concern during laser irradiation Pulp damage, and temperature rise of 11°C may cause pulp
of teeth is the high potential of tissue overheating resulting in cell death by apoptosfS.It is worth noting that there is some
high temperatures that can spread in toward the dentin, caus<confusion in the literature about thermal effects associated
ing irreversible damage to cells present in the pulp chamber with Nd:YAG laser irradiation on dentin, due to the variety of
and leading to cell death. the laser parameters used.

During laser irradiation, the final temperature for any tis=  The use of a Nd:YAG laser to promote dentinal sealing as
sue will be dependent mainly on its absorption properties at a a dentinal hypersensitivity treatment offers a series of advan-
determined wavelengthThermal damage induced by laser tages when compared toGO, laser emitting at 10.g«m. For
radiation seems to be a tradeoff between thermal and me-instance, dentin irradiation using @0, laser can produce
chanical damage in surrounding tissfieshere the first phe- more extensive cracking lines than a Nd:YAG laSanainly
nomenon seems to be more evident in dentin, as seen by thattributed to the carbonization and subsequent contraction of
morphological effects after Nd:YAG laser irradiation on den- the tissue due to loss of the collagen matrix during laser
tin surfacé®* These optothermal alterations in surface mor- irradiation? and carbonization on the dentin surface. How-
phology can be enhanced when longer laser pulses containingever, some studies have shown that radiation in the range of
high energy are usétiHence, shortening the laser pulse width 9.3 to 9.6um is strongly absorbed by dental hydroxyapatite,
(7p) can reduce damage on dental pulp caused by temperaturghus, less energy might be required to produce surface
rise in surface during laser radiation. The use of pulsed laserchanges.
radiation, as opposed to a continuous one, is advantageous This work simulates the temperature distribution in dentine
due to: 1. the possibility of achieving precise cutting control during Nd:YAG laser irradiation of dentine surface using the
and minimize the zone of thermal damage by producing a
thermal event that is shorter than the thermal conduction re- 1083-3668/2003/$15.00 © 2003 SPIE
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Optothermal Transfer Simulation . . .

Table 1 Summary of the sample groups and their irradiation parameters.

Energy per Number of Pulse

Group Pulse Pulses T Interval

Group 1 900 m) 1 0.9 ms Single pulse

Group 2 450 m) 2 0.9 ms 300 ms

Group 3 300 mJ 3 0.9 ms 300 ms

Group 4 150 mJ 6 0.9 ms 300 ms

Group 5 900 mJ 1 90 ms Single pulse

Group 6 450 m) 2 90 ms 300 ms

Group 7 300 mJ 3 90 ms 300 ms

Group 8 150 mJ 6 90 ms 300 ms
Crank-Nicolson’s numerical finite difference schetfeand The thermal distribution in dentine submitted to laser ra-
presents a brief discussion of the relevant photothermal diation can be described by the one-dimensional heat conduc-
mechanisms. tion equationt?

2

2 Parameters and Methods aT(X,t) d°T(x,t)
2.1 Laser Parameters ot X

The laser parameters used to calculate the optothermal behavgyherep is the mass densityg cm3), c is the specific heat
ior throughout dentin are described in Table 1. They were (3g-lec-1) Tis the temperaturé€C), t is the time(s), k is
selected from our previous studies, where the dentin phaseihe thermal conductivitgW cm™1°C~1), x is the coordinate

width with a pulse interval of 300 ms. This threshold was \yhich can be calculated from the one-dimensional optical dif-
achieved using an energy density of 180 and laser beam  fysion solution:

diameter of 0.8 mm, corresponding to the total energy density

for the eight d|ff(_arent |rrad|at|op regimes d_escrlbed in Table_l. Q(X,t) = fal o()EXP( — it ot X) )

The morphological changes in the dentin surface resulting _ . o . o

from Nd:YAG laser radiation will be described elsewhere.  Wherepu, is the absorption coefficiefftm™?), I, is the inci-
dent intensity(W cm™2), and u is the effective attenuation

2.2 Heat Transport Simulation coefficient defined as:
The finite difference method is based on the substitution of _ U2
derivatives in the governing equation, resulting in a set of peii={3pal wat (1-Q)us]i™ ©)

algebraic equations, which can then be solved if initial bound- whereg is the anisotropy parameter apd is the scattering
ary conditions are known. Thus, the temperature can be cal-coefficient(cm™1).
culated for each point; however, the numerical solution is al-  The spatial differentials are approximated by central differ-

ways an approximate one, which depends on the specificence and the temporal differentials are approximated by back-
numerical formula, its stability, and convergence. The Crank- ward difference in time as follow&

Nicolson technique offers an unconditionally convergent so-
lution for the heat conduction equation. In the present study,
this method was used to simulate the temperature at the dentin

surface and the heat diffusion toward the pulp chamber after Table 2 Thermal and optical constants of dentin (\=1054 nm).
Nd:YAG laser radiation using a one-dimensional formulation

and constant thermal and optical parameters described byDensity (p)'® 2.1 gem ™3

Seka et al® (see Table 2517 Although the radial beam di-

mension is not much larger than the penetration depth of a Specific heat (c)'® 117 g7 1eC,

Nd:YAG laser, the one-dimensional approximation can be still 1.l conducivity (x)'¢ 6.3 x 1073 Wem'oC !,
valid for the sample thickness and the beam spot of interest,

used in this simulatiof® Scattering coefficient (u)'” 260 cm™!

The Crank-Nicolson method is unconditionally stable,
even for arbitrarily large time steps. This is advantageous for
many applications, because the stability of this scheme meansapisotropy parameter!” 0.93
that the errors diminish rather than grow with the time.

Absorption coefficient () '’ 3cm™!
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Fig. 1 Temporal evolution of the temperature at dentin surface during
laser radiation with 1, 2, 3, and 6 pulses (Tp=0.9 ms).
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wherei is the space node ardis the time.
The resulting system of tridiagonal finite difference equa-
tions can be expressed in a compact matrix form as:

(I= AT 1= (14 36A) T+ A, )

whereT is the temperature vectdr= At/Ax?, | is the iden-
tity matrix, A is a tridiagonal matrix and is the boundary

conditions.

The system of Eq(6) can be solved directly by the appli-
cation of the tridiagonal algorithri?. In this study, the com-
pact form was used.

3 Results
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Fig. 3 Spatial temperature distribution for 1, 2, 3, and 6 pulses imme-
diately after the end of the last laser pulse (7,=0.9 ms).

temperature in surface decreases. The highest temperature rise
(~218°0 was resulted from a single pulse irradiation with
7,=0.9 ms. For shorter pulses, the differences in final tem-
perature between a single pulse and 2, 3, and 6 pulses are,
respectively, 24, 38, and 65 °C. The results show a decrease of
thermal confinement levels as laser pulse duration and number
of pulses increases. Fractionation of laser radiation results in
lower temperatures on the dentin surface and higher internal
wall temperatures when compared with a single pulse radia-
tion.

The temperature peak on surface after a single pulse of
7,=90 ms duration was 191 °C, approximately 27 °C lower
when compared to the shorter single pulse.

The highest temperature at the pulp wgl=1.5 mm)
immediately after the end of the last pulse for both laser pulse
widths was achieved using six laser pulses. Yet, while higher
temperature rises at the dentin surface were observed when
0.9-ms pulses were used, there were minimal differences in
the final internal wall temperature. For example the tempera-
ture differences at the pulp wall between Group 8 and Group
4 is approximately 1.8°C. Figures 3 and 4 show the heat
distribution inside the samples, from the external surface of
the dentine to the internal wall of the pulp chamifgr= 1.5

The results of the optothermal simulation are shown in Figs. mm). These results represent the depth-dependent temperature
1-4. The simulated evolution of temperature at the surface calculated immediately after the end of the last pulse.

during laser irradiation using 0.9 and 90 ms pulses are pre-

According to the results, increasing the number of pulses

sented in Figs. 1 and 2, respectively, where we observe that ageads to lower temperatures at the dentin surface, while the
the number of pulses increases, the amplitude of the rise ofreverse situation occurs at the pulp region. This can be due to
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Fig. 2 Temporal evolution of the temperature at dentin surface during
laser radiation with 1, 2, 3, and 6 pulses (7,=90 ms).
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Fig. 4 Spatial temperature distribution for 1, 2, 3, and 6 pulses imme-
diately after the end of the last laser pulse (7,=90 ms).
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Table 3 Final temperature immediately after Nd:YAG laser radiation confined to a narrow region next to the surface, without much
at the surface and at the internal pulp wall. effect on deeper tissues. In general, the shorter the laser pulse,
the narrower the affected region.
Teurtacel°C) Tinternal wait (°C, x=1.5 mm) As seen in the results, the laser irradiation using energy
fractionation of the total energy into several laser pulses leads
Group 1 217.9 27.2 to lower temperatures at the dentin surface; the final tempera-

ture depends on the total number of laser pulse interval and

Group 2 1958 37.8 the pulse width. However, the results demonstrated that tem-
Group 3 179.5 458 perature accumulation on the external surface can occur dur-
ing multiple-pulse irradiation, even if the pulse interval time
Group 4 152.4 63.0 is long (Figs. 1 and 2 On the other hand, the opposite situ-
G ation occurs at the dentin internal wall, where the use of more
roup 5 191.0 32.2 N . .
pulses results in higher temperatures in the pulp. This can be
Group 6 166.3 41.2 explained by the longer pulse intervals that allow energy loss
in the surface and, allow the heat diffusion toward the dental
Group 7 151.9 49.2 pulp.
Group 8 129.0 64.8 During Nd:YAG laser irradiation, when the temperature

exceeds the threshold for phase change, the ejection of a frac-
tion of material resulting in crater formation can be observed.
This ablative effect depends on the energy and duration of the
the long pulse intervals, where a sufficient period of time laser pulse and is more evident when the tissue is exposed to
allows losses of energy at the surface and heat diffusion long periods of exposure to the laser radiation. Therefore,
across the dentin. significant amounts of heat can diffuse out of the area irradi-

The results show minimal differences in the final tempera- ated during the irradiation, reducing the local thermal damage
ture at the internal wall after laser irradiation when the same and causing thermal damage to a larger volume of tiéSue.
number of pulses was used. Table 3 shows that shorter pulses According to Fried et al! at A =1064nm human dentine
result in higher temperatures at the dentin surface. exhibit an absorption coefficient aroundc& * and a scat-

tering coefficient ranging from 30 to 206m *. This high
. . variation in dentineug can be explained by the differences in

4 Discussion the density of dentin tubules. In the visible and near-infrared
The photothermal interaction occurs when the molecule in the spectra, enamel and dentin present low absorption coeffi-
tissue absorbs luminous energy and de-excites nonradioaccients, thus, scattering can be considered an important param-
tively producing heat. The energy absorbed by the molecule eter for determining the distribution of the energy in dentin.
depends on the tissue composition and structure, the laser Thermal effects can be associated with the thermal conduc-
wavelength, and incident irradiance. As the tissue needs someion relaxation time of tissu&?*which is defined as the time
time to conduct the heat aw&ya crucial aspect in the induc-  required for the peak temperature rig€T peak in a heated
tion of the thermal effect is the laser pulse duration. Thus, region of tissue to decrease to 37% of the total rise:
continuous wave lasers promote more evident thermal effects
in the tissue when compared to pulsed lasers, even in cases >
where the same total energy is delivered to the tigsue. T :i

Thermal effects in dentin surface result from photothermal " Nea’
interaction between tissue and laser, and occur when energy
densities between 1 ardd® Jlcn? and exposure time between — whered is the penetration deptlem), N is a geometric factor
1s and us are used. According LeCarpentier et?Alpulses (N: 4 to 27, and « is the thermal diffusivity of the tissue
with typical duration of 1 ms result in higher thermal confine- (cn?/s).?° If all the light energy is delivered in shorter pulses
ment than stress confinement inside the sample when com-than the thermal relaxation timgr,<<7,), only a small por-
pared to shorter laser pulses, yielding higher temperatures attion of the surface will be damaged. In this case, the damage
the tissue surface. is directly proportional to the amount of energy contained in

According Van Leeween, Jansen, and Motanidatie ther- the laser pulse. However, if the interaction time is much
mal effects depend on laser-tissue interaction time and thelonger than the time of thermal relaxation of the tisg
resultant temperature from this process. The resultant confine-> r,), comparatively a more evident thermal effect could be
ment(stress or thermadepends on the laser pulse width and observed on the surface due to the heat dissipation toward the
the absorption coefficient of the tissue at a determined wave-tissue, and consequently deeper structures of tissue can be
length. Longer pulses mean longer interaction times betweendamaged.
the laser and the tissue, allowing a larger diffusion of heat  Since dental pulp is highly susceptible to temperature
away from the irradiated site, and resulting in lower tempera- variation, even a slight rise of temperature could cause pulp
tures in the surface and higher temperatures in deeper areascell death. Therefore, according to the simulation carried out
During Nd:YAG laser irradiation on dentin using short pulses in this work, the studied parameters are not safe for clinical
(<1 us), the temperature in the radiated spot decreases duringprocedures. However, as seen in the results, shortening the
the interval between two subsequent pulses. Thus, the physi-pulse width and increasing the number of pulses could avoid
cal and chemical changes due to high temperatures remainthe thermal risk to the pulp due to the high number of pulse

@)
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intervals, even though higher total energies may be necessary

to achieve the needed temperatures to induce dentin melting.1°-
11.

5 Conclusions

Optothermal simulation is important for obtaining safety pa-

rameters during laser radiation on dental hard tissue. In this
work, we describe the use of a 1-D model to simulate the
temperature changes in dental hard tissue during Nd:YAG la-

ser irradiation. According to the results, the parameters stud- 13.

ied in this work are not safe for clinical dental treatment pro-
tocols due to high temperatures resulting after Nd:YAG laser
irradiation around the pulp chamber.
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