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Evaluation of Effectiveness of
Er,Cr:YSGG Laser For Root Canal
Disinfection: Theoretical
Simulation of Temperature
Elevations in Root Dentin
Erbium, chromium: yttrium, scandium, gallium, garnet (Er,Cr:YSGG) lasers are currently
being investigated for disinfecting the root canal system. Prior to using laser therapy, it
is important to understand the temperature distribution and to assess thermal damage to
the surrounding tissue. In this study, a theoretical simulation using the Pennes bioheat
equation is conducted to evaluate how heat spreads from the canal surface using an
Er,Cr:YSGG laser. Results of the investigation show that some of the proposed treatment
protocols for killing bacteria in the deep dentin are ineffective, even for long heating
durations. Based on the simulation, an alternative treatment protocol is identified that
has improved effectiveness and is less likely to introduce collateral damage to the sur-
rounding tissue. The alternative protocol uses 350 mW laser power with repeating laser
tip movement to achieve bacterial disinfection in the deep dentin (800 �m lateral from
the canal surface), while avoiding thermal damage to the surrounding tissue �T
�47°C�. The alternative treatment protocol has the potential to not only achieve bacte-
rial disinfection of deep dentin but also shorten the treatment time, thereby minimizing
potential patient discomfort during laser procedures. �DOI: 10.1115/1.3147801�
Introduction
Lasers have been used in dentistry for removing hard tooth

issue for more than 20 years �1�. In particular, the erbium, chro-
ium: yttrium, scandium, gallium, garnet �Er,Cr:YSGG� laser
ith a wavelength of 2.78 �m is capable of achieving straight,

lean, and precise hard tissue cuts �2–4�. Due to its long wave-
ength, the absorbed laser energy is limited within a very thin
ayer of the irradiated tissue and therefore, high temperature el-
vations ��100°C� at the surface result in hard tissue ablation.

Recently, lasers have also been proposed for use in root canal
herapy for cleaning and for eliminating bacteria from the root
anal system �5–7�. Currently, there are more than 40�106 root
anal treatment procedures performed each year in the United
tates �8�. Root canal treatment aims to eliminate bacteria from

he root canal system and to prevent spreading of infections to the
ead and neck region. Root canal bacteria, particularly Gram-
ositive facultative anaerobes, seem to be remarkably resistant to
ocal antimicrobial agents that are often used in root canal therapy.
n fact, cultivable bacteria were found in more than 40% cases
9–11�. Bacteria can also spread into the dentin tubules, where
hey may become protected from antimicrobial agents. It has been
uggested that bacteria harbored in the tubules may contribute to
ersistent infections �12�. Nonthermal approaches to eliminate
acteria in endodontic treatments include sodium hypochlorite ir-
igation and photodynamic therapy �5�. Routine sodium hypochlo-
ite irrigation may remove the majority �98%� of the bacteria
ithin the canal but may not be very effective to bacteria located
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within the deep dentin. Photodynamic therapy employs a photo-
sensitizer that is activated by light, leading to formation of toxic
oxygen species to damage cellular structures. This approach is
also limited by light and the photosensitizer dye penetration to the
deep dentin, as well as possible collateral photosensitivity accu-
mulated in the periapical tissue. A recent in vitro study evaluated
various preparation procedures for disinfecting the root canals us-
ing low-power laser with or without water spray �6�. The heat-
induced cytotoxic response kills bacteria in the root dentin via
heat conduction from the laser incident root canal surface �6�. The
experimental studies were compared with that using sodium hy-
pochlorite irrigation �the control�. Wet laser treatments were less
successful than sodium hypochlorite no matter how long the heat-
ing duration. Dry laser treatment was more effective than the con-
trol but only with a high power laser �350 mW� and a long period
of heating ��60 s� �6�.

There are several unanswered questions in laser treatment pro-
tocols considered for root canal therapy. One regards the heat
penetration into the tissue. Previous experimental data have dem-
onstrated that bacterial infection can spread through dentinal tu-
bules as far as 800 �m lateral from the canal surface �12,13�.
Although a pulsed laser can induce very high temperature eleva-
tions on the canal surface, it is unclear whether sufficient tempera-
tures can be achieved in the deep dentin. In the in vitro study
reported by Gordon et al. �6�, the laser probe was moved up and
down along a 5 mm root canal at a rate of 1 mm/s, since the
affected region of the laser probe is limited to approximately 1
mm in the axial direction. After the probe was moved away from
the canal surface segment, the temperature decayed back to the
normal tissue temperature �37°C�. As such it is still unknown
whether the elevated temperature is sustained long enough in both
the canal surface and deep dentin to fully kill bacteria.
A desired heat penetration can always be achieved using a high
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aser power and/or a long heating duration. However, the collat-
ral damage to the tissue surrounding the tooth root is another
ssue that cannot be ignored. Previous in vitro studies using heat-
ng �System B HeatSource, Analytic Technologics, Redmond,

A� have illustrated a temperature elevation of more than 10°C
n the outside surface of tooth root during heating procedures in
he root canal �14,15�. Recent clinical practice involves utilizing
ulsed rather than continuous laser energy to minimize heat trans-
ort from the irradiated surface to the outside surface of tooth
oot. In laser-assisted bacterial disinfection, one has to balance
emperature elevation in the deep dentin and the thermal damage
o the surrounding tissue. To our knowledge, there has been no
heoretical study on the temperature distribution in root dentin
rising from laser treatment, including an assessment of tempera-
ure elevations at the periodontal ligament and within the sur-
ounding bony structure.

In this study, we develop a heat transfer model to estimate the
emperature elevations in both the tooth root and surrounding tis-
ue during Er,Cr:YSGG laser disinfection of the root canal sur-
ace. The laser power level, pulse setting, and laser duration are
ncorporated into the Pennes bioheat equation for the theoretical
tudy. We first simulate the temperature distributions in the tooth
oot to evaluate whether heat penetrates into the deep dentin when
sing two published treatment protocols �6�. Based on the simu-
ated results, we propose an alternative treatment protocol that
chieves better heat penetration with shorter treatment time.

Mathematical Formulation and Methods
The tooth root and surrounding tissues are modeled as an axi-

ymmetric structure, as shown in Fig. 1. We only consider a
ingle-rooted tooth in this study as the first step. The root is sur-
ounded by a body of tissue large enough that the temperature at
he boundary surface is 37°C. The adopted root canal geometry is

odeled after that described in Ref. �6�. In that study, the root
anal was prepared as a cylindrical cavity with an approximate
anal volume of 8 �l and a root section of 5 mm in length. In the

Fig. 1 Schematic diagram of the axisymmetrical
Laser tip is moved up and down in the canal and
†6‡.
resent study, we consider a root of 10 mm length and 7 mm

71004-2 / Vol. 131, JULY 2009
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diameter. The average size of the root canal is 1.4 mm in diameter
and 5 mm long to have the same canal volume as in Ref. �6�. Note
that a prepared root canal is typically tapered toward the apex and
10–15 mm long. However, the goal of this study is to compare the
simulated results with those from a previously reported in vitro
study �6�. Hence, it is important to use a precise geometry consis-
tent with that in the in vitro study.

Due to its long wavelength and a very large absorption coeffi-
cient of 104 cm−1, we assume that the laser wave will not pen-
etrate into the tooth root �16,17�. In this study its thermal effect is
modeled as a uniform heat flux incident on the canal surface. The
laser used in Ref. �6� is manufactured by Biolase Technology
�YSGG Waterlase MD™, Biolase Technology, Irvine, CA�. The
current end-firing design only allows a limited emission range of
approximately 1 mm in the axial direction. Since the laser has an
affected region of approximately 1 mm in the axial direction �6�,
the laser tip was traversed in the canal in a cervical-apical and
apical-cervical direction at a rate of 1 mm/s. This heating cycle
requires 10 s to traverse the entire canal once �Fig. 1�. In this
study, we simulate the laser flux to follow the same time course,
i.e., the heat flux stays in the 1-mm-long cylindrical segment for 1
s before it is moved to the next cylindrical segment.

The Er,Cr:YSGG laser is pulsed with a duration of 200 �s and
a repetition rate of 20 pulses/s �20 Hz�. In Ref. �6� the laser power
was either 175 mW or 350 mW, which is equivalent to a power of
43.75 W or 87.5 W, respectively, during the pulse. The corre-
sponding heat flux on the irradiated cylindrical canal segment is
either 9.95�106 W /m2 or 1.99�107 W /m2 during the pulse
�Fig. 2�. Although the duration of the laser treatment varied from
15 s to 240 s in the in vitro study �6�, a simulation
duration of 10 s was chosen in the present study. Collateral tissue
damage, defined as a temperature elevation higher than 47°C for
more than 10 s, is assessed in all the treatment protocols �18�.

We use the Pennes bioheat equation to simulate the heat trans-
port in the tissue regions �19�. Neglecting metabolism, one can

ometry of the tooth root and surrounding tissue.
e heating time at each cylindrical segment is 1 s
ge
th
write it as
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�C
�Troot,tissue

�t
= kroot,tissue�

2Troot,tissue + ��bCb�37 − Troot,tissue�

�1�

here k is the thermal conductivity, � is the density, C is the
pecific heat, and � is the local blood perfusion rate. This equa-
ion is a modification of the traditional heat conduction equation
ith a heat source term. The thermal effect of the blood perfusion

n the surrounding tissue is modeled as a heat source term with
trength proportional to the local blood perfusion rate, and the
emperature difference between the body temperature �37°C� and
he local tissue temperature. Table 1 lists the thermal properties
sed in the simulation based on previous studies �20–22�. In root
entin the blood perfusion rate is zero, while in the surrounding
issue it is 1.8 ml/100 g/min �21�. The initial condition is 37°C in
he entire domain.

All the finite element calculations including the mesh genera-
ion are performed using COMSOL® 3.3 operated on a Pentium IV
rocessor of 2.79 GHz speed, using 2 Gbyte of memory under a
indows XP SP2 Professional operating system. The total num-

er of tetrahedral elements of the finite element method is around
1375. The element growth rate and mesh curvature are selected
s 1.2. A mesh convergence study was performed by increasing
he number of elements in the dentin by 100% over the current

esh. The finer mesh induced less than 1% difference in the tem-
erature field. The numerical model for heat transport is intro-
uced by applying the Galerkin formulation of Eq. �1�. We use a
ime-dependent solver known as UMFPACK. The time step is se-
ected as 10−4 s and is half of the laser pulse duration.

Results

3.1 Temperature Fields Induced by 175 mW Laser. Since
he heat flux is imposed on each segment for only 1 s, first we
xamine the temperature distribution on the individual segments
ver the canal depth. Temperature contours in the root dentin are
resented in Fig. 3, where each image represents the temperature
istribution after the 1 s heating. When the laser pulse energy
etting is 175 mW, a temperature up to 57°C is achieved on the

ig. 2 Heat flux imposed to each cylindrical canal surface in-
uced by the pulsed laser

Table 1 Thermal properties used in the model

k
�W/m K�

�
�kg /m3�

C
�J/kg K�

�
�ml/min/100 g�

oot 0.57 2140 1400 0.0
issue 1.16 1500 2300 1.8
ournal of Biomechanical Engineering
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canal surface and there is almost no temperature elevation on the
other four segments. The surface temperature in treatment at seg-
ment 5 is higher than that in the other segments, since the heating
time is 2 s rather than 1 s. Note that once the laser tip is moved up
toward the crown, the temperatures in the other segments have
returned to 37°C. Again, only a very mild increase in temperature
is achieved. Table 2 lists the average temperature in the entire
volume of the dentin at the end of each second. The average
temperature change for one transverse of the laser tip is less than
3.3°C, indicating that heat conduction is not sustained after 1 s
heating, especially when the laser power is low �175 mW�.

The degree of heat penetration into the deep dentin is shown in
Fig. 4; the radial temperature distributions in this figure corre-
spond to that along the white dashed lines in Fig. 3. As shown in
Fig. 4, temperature rises at distances of 200 �m, 400 �m,
600 �m, and 800 �m from the canal surface during the first 5 s
are 52°C, 45°C, 41°C, and 39°C, respectively. When the laser
tip is moved up toward the crown in the second 5 s period, the
radial temperature distribution is 3°C higher than when the tip is
moved down. Yet, the temperature at 800 �m in depth is still
lower than 43°C. If bacteria penetrated the deep dentin, the rise in
temperature would not be sufficient to kill all the bacteria.

3.2 Temperature Fields Induced by 350 mW Laser. We
also simulated the temperature fields of the dentin using a 350
mW laser; all the parameters are the same except the heat flux
imposed on the canal surface. Figure 5 compares the temperatures
at five radial distances using both 175 mW and 350 mW. Note that

Fig. 3 Temperature contours of the root dentin and surround-
ing tissue during laser treatment using 175 mW, and the simu-
lation time is 10 s. The white solid line represents the root-
tissue interface. The closest location along the interface to the
root canal wall is marked by “A.”

Table 2 Average dentin temperature as a function of time

Time
175 mW

�°C�
350 mW

�°C�

1 37.5 38.0
2 37.9 38.9
3 38.4 39.9
4 38.8 40.7
5 39.2 41.4
6 39.4 41.9
7 39.6 42.3
8 39.8 42.7
9 40.0 43.1

10 40.3 43.6
JULY 2009, Vol. 131 / 071004-3
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here is a 100% increase in temperature using 350 mW at all
ocations. The maximum temperature at the surface reached
5°C, and the temperatures at 200 �m, 400 �m, 600 �m, and
00 �m lateral from the canal wall are 73°C, 60°C, 52°C, and
7°C, respectively.

Since the temperature gradient is much higher than that result-
ng from the previous protocol, it indicated that heat conduction
hrough the dentin is enhanced when 350 mW is used. Table 2
ists the average temperature of the dentin induced by 350 mW
eating. There is more than 6.6°C increase after heating for 10 s
sing 350 mW. If the 10 s heating protocol was repeated, one
ould see a greater temperature elevation in the later heating

ycles, due to the accumulated heat remaining in the dentin. Thus,
t is not surprising that bacterial killing was significantly improved
n the experimental study �6�, when the heating was prolonged.

Thermal damage may occur in the surrounding tissue. Figure 6
llustrates the temperature distribution along the root surface

Fig. 4 Radial temperature distributi
in Fig. 3 during laser treatment using
temperature distribution represents

ig. 5 Temperatures at various locations including the canal
urface „0 mm… and in the deep dentin „200 �m, 400 �m,
00 �m, and 800 �m lateral from the canal surface… at t=6 s.
he effect of the laser power is represented by different bars.
he primary y axis on the left gives the actual temperature val-
es, while the secondary y axis on the right illustrates the tem-

erature elevations from the baseline of 37°C.

71004-4 / Vol. 131, JULY 2009
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�along the white line in Fig. 3� at t=6 s, when the maximum
temperature is likely to occur. As shown in Fig. 6, the maximum
temperature is found at location A �Fig. 3�, which is the closest to
the root surface along the interface. However, the temperature is
only increased up to 41°C, implying no thermal damage will be
induced to the surrounding tissue using the protocols previously
reported.

3.3 A New Alternative Protocol. Based on the simulated re-
sults in Secs. 3.1 and 3.2, it is evident that 175 mW is not suffi-
cient to kill all bacteria in deep dentin, that heating duration of 1
s is unable to increase the temperature in the deep dentin above
47°C even at 350 mW, and that 350 mW will not induce thermal
damage to the dentin-tissue interface if heating at each segment
lasts less than 2 s. That implies that the protocol should be modi-
fied for improving the temperature distribution and killing bacte-
ria. We will propose an alternative treatment protocol for laser
disinfection of the root canal using 350 mW as the laser power
level and a heating duration of 2 s at each cylindrical segment.

along the white dashed lines shown
aser power of 175 mW. Note that the
t at various time instants.

Fig. 6 Temperature profile along the root-tissue interface at t
=6 s using the 350 mW laser. The white dashed line represents
the dentin location with a radial offset of 800 �m from the root
on
a l

tha
canal surface.
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ere the laser tip is traversed along the canal in a cervical-apical
nd an apical-cervical direction in a discrete manner, which results
n a transverse time �heating cycle� of 16 s, as shown in Fig. 7.
he protocol is designed to achieve two objectives: �1� The tem-
erature in deep dentin is elevated to at least 47°C for more than
0 s and �2� no thermal damage is induced to the dentin-tissue
nterface ��47°C�. We also would like to identify the maximum
eating duration to avoid thermal damage to the surrounding tis-
ue. The simulation time is 32 s for two heating cycles.

Heat spreading from the root canal surface using the new pro-
ocol is shown in Fig. 8. Since the heating time for all segments is

s, the maximum temperature at the canal surface is increased to
3°C. Also note that the overall temperature field at t=16 s is
ignificantly higher than that at t=4 s �Fig. 8�. The average tem-
erature of the entire dentin is calculated and presented in Fig. 9.
nitially, the temperature increases at a rate of 1°C /s, then it
lows down due to enhanced heat conduction in the tissue. Even-
ually, the total increase for the first heating cycle is around 9°C
ver 16 s or an average rate of 0.56°C /s. However, the average
ate of the temperature increase during the second heating cycle
ecreases to 0.19°C /s. One may only see a minor temperature

ig. 7 Schematic diagram of the proposed treatment protocol.
ifferent line segments represent different cylindrical surface
egments of the root canal. Laser tip stays in each surface
egment for 2 s, and the total time for each cycle is 16 s.

ig. 8 Simulated temperature contours in the dentin and sur-

ounding tissue using the proposed treatment protocol

ournal of Biomechanical Engineering
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increase less than 0.19°C /s, if the heating cycle is further re-
peated, due to the thermal balance between heat conduction to the
surrounding tissue and heat flux at the canal wall.

We are also interested in how heating affects the temperature
distribution along the root canal surface. As shown in Fig. 10,
temperature rise is significant at the location on which the laser
energy is imposed. Initially, the temperature distribution along the
canal surface at t=2 s is represented by the heavy solid line.
When the laser tip moves to the next segment, the temperature
profile is replaced by the next solid line. Note that the maximum
temperature changes along the canal surface with the moving laser
tip. For the same axial location �z�, one observes that the tempera-
ture does not return to 37°C after the laser tip is moved away.

One of the major limitations of the previous protocol using 350
mW laser power is a failure to elevate the temperature of deep
dentin to 47°C. In this study, we examine the temperature distri-
bution along the white dashed line in Fig. 8. The line is parallel to
the canal surface with a radial distance of 800 �m. Figures 11�a�
and 11�b� illustrate the temperature profile along the 800 �m
deep dentin region during the two heating cycles. For the same
deep dentin location, its temperature, once it is elevated above
47°C, can be sustained after the laser tip is moved to the next

Fig. 9 Heat accumulation in the dentin during the first and
second heating cycle „32 s… is illustrated by the average tem-
perature of the entire dentin at various time instants

Fig. 10 Temperature profiles along the canal surface in the
axial direction from the crown side. Initially the temperature
distribution along the canal surface is represented by the
heavy solid line. After the laser tip is moved to the next seg-
ment, the temperature distribution is replaced by the next solid
line. Notice the shift of maximum temperature on the canal sur-
face due to the fact that the laser tip is moved from one seg-

ment to another.

JULY 2009, Vol. 131 / 071004-5
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anal segment. This is evident in the second heating cycle.
It is well known that the thermal-induced cytotoxic effect to

acteria depends not only on the temperature elevation but also on
he heating duration. Our theoretical model can provide the entire
emperature history at any location to estimate how long each
entin location is subject to a temperature of 47°C or higher.
able 3 gives the estimated time along the white dashed line in
ig. 8. Heating is not uniform in the deep dentin. As shown in

ig. 11 Temperature distribution in the deep dentin „800 �m
ateral from the canal surface, along the white dashed line in
ig. 8 at various time instants. Moving the laser tip up and
own results in the shift of the maximum temperature. „a… The
rst heating cycle „0–16 s… and „b… the second heating cycle
16–32 s…

Table 3 Total time for deep dentin

Heating time
�s�

Time
Cervical → → → → → → →

Segment 1
�s�

Segment 2
�s�

4 1.4 0
8 1.7 1.1

12 1.7 1.1
16 1.8 3.0
20 5.6 7.0
24 9.6 11.0
28 13.6 15.0
32 17.6 19.0
71004-6 / Vol. 131, JULY 2009
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Table 3, after two heating cycles, the deep dentin in the middle
segment is exposed to 47°C or higher for more than 23 s, while
the minimal time is only 11 s. The exposure time decreases dra-
matically with the decrease in the heating time. The maximum
exposure in deep dentin is merely 8 s after one heating cycle. Our
results imply that to achieve bacterial eradication in deep dentin,
the treatment protocol can be further improved to have a more
uniform heat exposure.

Finally, thermal damage is assessed by the temperature rise
along the interface between the dentin and surrounding tissue. As
shown in Fig. 12, the interface temperature is lower than 45°C
after the first heating cycle; however, it continues to increase dur-
ing the second heating cycle. Usually location A is the most vul-
nerable location along the interface. However, due to heat conduc-
tion and the different laser heating segments, the maximum
temperature location may shift slightly from location A. Our simu-
lation suggests that the heating should not be longer than 26 s to
avoid thermal damage to the surrounding tissue. As shown in
Table 3, during a heating time of 26 s, the temperature in most of
the deep dentin is elevated to 47°C or higher and maintained for
more than 10 s.

4 Discussion
The mathematical simulation of the temperature field in the root

dentin during laser disinfection is in good agreement with the
results of the reported in vitro experiment �6�. Specifically, a laser
power of 175 mW fails to elevate the deep dentin temperature
above 42°C and the short heating time of 1 s is not long enough

bject to a temperature exceeding

en Tdeep dentin�47°C
→ → → → → → → → → → → → Apical

Segment 3
�s�

Segment 4
�s�

Segment 5
�s�

0 0 0
2.2 0.6 0
3.7 4.6 2.2
7.5 8.6 3.8

11.5 10.3 3.8
15.5 12.9 4.0
19.5 16.9 7.6
23.5 20.9 11.4

Fig. 12 Heat penetration from the canal surface to the soft
tissue region is shown by the increasing temperature along the
root-tissue interface with time. Temperatures are plotted along
the root-tissue interface „the solid white line in Fig. 3… from the
apex to the crown. The maximum temperature is lower than the
critical temperature of 47°C when the heating time is shorter
than 26 s.
su

wh
→ →
Transactions of the ASME
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o sustain any meaningful temperature rise. The theoretical simu-
ation has demonstrated that repeating the same heating cycle may
ot be considerably more effective at killing bacteria with a low-
ower laser, even if the total heating is increased to as long as 240
as shown in the in vitro experiments �6�; the bacterial survival

ate still exceeded 2% at 175 mW for heating times from 15 s to
40 s. On the other hand, using a 350 mW laser power can result
n higher temperatures in the entire dentin. Repeating the heating
ycle may take advantage of the residual temperature rises from
he previous heating cycles. However, due to the short heating
ime of 1 s, longer than 60 s are needed to expose the bacteria
arboring in the deep dentin to 47°C or higher for sufficient time
uration. Based on the limitations of the published protocols, a
ew protocol is proposed for the laser disinfection. The simulation
as demonstrated the efficacy of employing a heating time of 2 s
t each canal surface segment. It is determined that less than 26 s
f treatment is required to prevent thermal damage to the sur-
ounding tissue. Our model has illustrated that the proposed pro-
ocol enables most of the deep dentin to be exposed to tempera-
ures exceeding 47°C for more than 10 s.

Bacteria harbored in the dentin are living organisms and should
e subjected to biochemical events similar to tissue cells when
xposed to heat. It is well known that heat-induced tissue damage
epends on heating history, which includes both the tissue tem-
erature and heating duration. Moritz and Henriques �23� origi-
ally assumed, which later became the standard for thermal injury
valuation, that the kinetics of the destruction process in living
issues is similar to the first order chemical reaction process, i.e.,
he Arrhenius integral. Results of the numerical simulation make it
ossible to assess the potential for thermal damage from the laser
reatment once the coefficients in the Arrhenius integral are avail-
ble. The dentin temperatures determined in the study T�x ,y ,z , t�
an be substituted into the Arrhenius integral to assess the degree
f thermal damage. Unfortunately, the coefficients needed are un-
vailable for the evaluation. It is unclear whether the coefficients
re the same between tissue cells and bacteria, and whether the
oefficients change at different temperature ranges �24�. In this
tudy, we assume that exposing the bacteria to 47°C for more
han 10 s can kill the bacteria in the dentin based on previous
xperiments �18�. However, more experimental studies in dentin
re needed to further investigate the bacterial tolerance to heating.

Although in vitro experiments can be performed to measure the
emperatures inside the root canal and outside the tooth root
14,15,25,26�, the detailed temperature distribution inside the root
entin is still unknown. The heat must reach a temperature thresh-
ld to kill the bacteria to the extent of penetration from the canal.
urface irrigation of sodium hypochlorite may not be effective to
radicate bacteria that have penetrated in the deep dentin. There-
ore, a treatment plan that permits deep heat penetration while
inimizing collateral thermal damage to the surrounding tissue is

esirable. Quantitative thermal modeling aids in identification of
n optimal treatment protocol and, with appropriate constitutive
nput data, affords the opportunity for designing personalized
herapeutic regimens. Theoretical modeling can provide dentists
ith powerful tools to improve the ability to deliver safe and

ffective laser therapy. The thickness of root dentin and the root
anal size may be different from one patient to another and from
ne kind of tooth to another. A theoretical model can be used for
esigning an individual effective treatment plan and ensuring
afety for patients. For example, in the current practice, the cath-
ter is held by the dentist who controls how long the catheter stays
t each canal segment. As seen in Table 3, temperature elevations
n the deep dentin is not uniform. The theoretical model can be
mplemented to determine how long or at what rate the laser tip is

oving along the canal wall such that the bacterial killing zone is
p to 800 �m from the canal surface and is uniform in the axial
irection. However, it may require additional technical support to
esign a scanning apparatus for controlling the motion of the laser

atheter.
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In laser disinfection treatment, heat spreads from the root canal
surface and can be quantitatively described by the Fourier number
�dimensionless time� as

Fo = �t/L2 �2�

where t is time, � is the thermal diffusivity of the dentin, and L
represents the distance from the root canal surface. Depending on
how deep the bacteria penetrate inside the dentin, this relationship
suggests that when the distance is doubled, the heating time
should be four times of the original duration. The same principle
can be applied to collateral thermal damage to the surrounding
tissue. As shown in the simulation, the most likely location along
the interface to have thermal damage should be that closest to the
canal surface. For realistic root canal procedures, the root canal
extends to the root apex. As such, the interface surrounding the
apex is the most vulnerable location to thermal damage due to the
low dentin thickness. In vitro experimental studies have shown
higher temperatures at the outside root surface in incisors than in
canines �14,15�, which would be expected due to the lower dentin
thickness in the incisors.

There are several limitations to this study. Optical fluctuation is
not considered in the model. Induced optical property changes by
temperature and/or dehydration may occur during the heating pro-
cess. We did not model possible water vaporization since tempera-
ture can be higher than 100°C. The laser energy is modeled as a
uniform heat flux incident on the root canal wall segment. Al-
though this assumption satisfies the overall energy delivered to the
canal wall, the heat flux may not be uniform due to the end-firing
design of the laser catheter and beam divergence. In addition,
laser induced temperature distribution on the wall may be more
accurate than the uniform heat flux proposed in this study.

As we mentioned earlier, the proposed geometry of the root
canal is simply a replica of that used in a previously reported in
vitro experiment for comparing results. In reality the root canal is
tapered and it extends to the root apex. One notes that the heat
flux incident on the canal surface is directly related to the laser
power as well as the canal surface area. For different root canal
preparations, it would be interesting to investigate how the heat
flux affects the canal surface temperature and the heat penetration.
Another limitation is the thermal properties used in the model. As
shown in Eq. �2�, the thermal diffusivity �, which is defined as
k /�C, also plays a role in determining the spreading of heat in the
dentin. One notes that heat transfer rate is directly proportional to
the thermal conductivity of dentin. Therefore, the accuracy of
those properties can directly affect the simulation results �27� in
thermal procedures. Unlike other tissues, there are limited publi-
cations in the literature on the thermal properties of the human
dentin and the published data vary over a large range. Further-
more, an aged tooth root may have different microstructure �tu-
bule size� than a young root, which may result in unique thermal
properties �28,29�. Future theoretical simulations are needed to
study how heat spreads from the canal surface to the deep dentin
based on more realistic root geometry and tissue structure. Nev-
ertheless, we still feel that the current model has provided insight
in the fundamental physics that governs heat transport in this sys-
tem. In fact, agreement between the theoretical prediction and
experimental observation leads credibility to the current study.

5 Conclusions
A theoretical simulation employing the Pennes bioheat equation

was used to understand how heat distributes in the tooth root
during laser disinfection. The mathematical model is capable of
determining heat penetration within the deep dentin during bacte-
rial disinfection and assessing the potential for thermal damage to
the surrounding vital tissue. Based on the simulated results, a
treatment protocol has been identified that sustains adequate tem-
perature elevation ��47°C� in the deep dentin for more than 10 s

and utilizes a heating duration that precludes thermal damage to
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he surrounding tissue. We believe that the proposed treatment
rotocol not only achieves thorough bacterial disinfection but also
hortens the treatment time.
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