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Abstract  

Background and aims. Heat generated within tooth during clinical dentistry can cause thermally induced damage to 

hard and soft components of the tooth (enamel, dentin and pulp). Geometrical characteristics of immature teeth are different 

from those of mature teeth. The purpose of this experimental and theoretical study was to investigate thermal changes in 

immature permanent teeth during the use of LED light-curing units (LCU). 

Materials and methods. This study was performed on the second mandibular premolars. This experimental investiga-

tion was carried out for recording temperature variations of different sites of tooth and two dimensional finite element mod-

els were used for heat transfer phenomenon in immature teeth. Sensitivity analysis and local tests were included in the mod-

el validation phase. 

Results. Overall, thermal stimulation for 30 seconds with a low-intensity LED LCU increased the temperature from 28°C 

to 38°C in IIT (intact immature tooth) and PIT (cavity-prepared immature tooth). When a high-intensity LED LCU was 

used, tooth temperature increased from 28°C to 48°C. The results of the experimental tests and mathematical modeling il-

lustrated that using LED LCU on immature teeth did not have any detrimental effect on the pulp temperature. 

Conclusion. Using LED LCU in immature teeth had no effect on pulp temperature in this study. Sensitivity analysis 

showed that variations of heat conductivity might affect heat transfer in immature teeth; therefore, further studies are re-

quired to determine thermal conductivity of immature teeth. 

Key words: Finite element analysis, polymerization, pulp, thermal conductivity. 

Introduction 

 number of products and procedures used in 
dental diagnosis and treatment, such as cavity 

preparation, light-curing of dental restorations, rotary 
instruments and high-intensity lasers, can exert 
harmful thermal effects on dental tissues. In addition, 
heat transfer in a tooth can be affected by factors A 
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such as the geometry of tooth components, thickness 
of enamel and dentin, type of restorative materials, 
blood perfusion and pulp circulation.1-5 

There are very strict limitations on in vivo studies 
due to health care regulations imposed on human 
teeth and for this reason most experiments are car-
ried out in vitro.1 The investigation of heat transfer in 
tooth requires both experimental measurements and 
mathematical modeling.6-17 Experimental measure-
ments are required to check the validity of modeling 
predictions. In mathematical modeling the structure 
of tooth is generally a simplified non-geometrical 
model containing only enamel, dentin and dental 
restorative materials. Unfortunately, these simplifi-
cations lead to multiple limitations. For instance, 
variation in tooth properties, different donors (age, 
sex and races), pulpal blood and dentinal fluid flow 
cannot be applied to the model.1 

However, considering the variations in geometry 
as a result of changes in some properties (e.g. age) 
may provide a better comprehension of the process 
under study. Geometrical characteristics of immature 
teeth are different from those of mature teeth. Imma-
ture teeth, in contrast to mature ones, have open api-
ces, lower dentin thickness, extended pulp area and 
dentinal tubules.1 

The purpose of this in vitro study was to investi-
gate thermal changes in different layers of immature 
permanent teeth during the use of LED LCU with 
different intensities in order to detect possible harm-
ful effects. 

Materials and Methods 

This in vitro study was performed on four second 
mandibular premolars (one pair of mature teeth and 
one pair of immature teeth) that were extracted for 
orthodontic therapy. 
  
Experimental Setup 
General description: Two immature (intact and cav-
ity-prepared) teeth were selected and the experimen-
tal setup consisted of three main parts. 
 Heat generating and mouth cavity unit: The tooth 

was placed in a cast and inserted in a chamber 
filled with isothermal distilled water below the 
CEJ level. Water temperature was similar to that 
of tooth pulp and crevicular gingival fluid. 

 Data acquisition, processing and visualization 
system. 

 Light-curing unit: A light-emitting diode (Ivoclar 
Vivadent, Schaan, Liechtenstein) was used to 
generate heat. 

A schematic diagram of the whole system is de-

picted in Figure 1a. 

Preparation Phase  

The intact immature tooth (IIT) was mounted on a 
thin, plastic plate and thermocouples were installed. 
Next, it was inserted into the wash bath. Thermo-
couples of type "K" and a wire with a diameter of 
0.25 mm were applied and fixed by glue. The ther-
mocouple wires were encased in Teflon tubes to pre-
vent contact with each other.  Because of the short 
diameter of the thermocouples they transferred a 
minimum amount of heat. 

After the attachment of thermocouples a copper 
wire was inserted within the pulp chamber through 
the tooth root canal to simulate heat transfer at the 
dentin−pulp junction and pulp soft tissue. The teeth 
were radiographed after assembling the thermocou-
ples and copper wire (Figure 1).  

The thermocouple signals were amplified and fil-
tered for noise reduction. A PC equipped with a se-
rial port handled the measured signals. A graphical 
user interface (GUI) was utilized for real-time illus-
tration of calibrated temperature values. A detailed 
description of the signal acquisition system is pro-
vided in a previous publication.18 

Experimental Procedure 

At first the intact immature tooth was inserted into 
water and left for 30 minutes for equilibrium at water 
temperature (37oC). Then an LED LCU was used 

Figure 1. a) A schematic diagram of the experimental 
setup. b) Thermocouple locations in tooth: T0 (cham-
ber of water); T1 (ambient air); T2 (top of the buccal 
cusp); T3 (cemento-enamel junction area above the 
water bath); T4 (inside the pulp). c) X-ray of thermo-
couple T4 and copper wire location. 
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with low and high intensities (650 mW/cm2 and 1200 
mw/cm2, respectively) at a 1-mm distance from the 
tooth for 30 seconds. The relaxation time of the tem-
perature equilibration was about 30 minutes between 
experiments until the primary temperature of the 
tooth was restored.  

In the modeling phase the effect of source heating 
was included by considering time variation boundary 
conditions of the buccal cusp. The time variation 
values were those recorded by T2 in Figure 1b. 

After preparing a Cl I cavity in the occlusal surface 
with 0.5 mm of dentin remaining near the pulp area 
(checked by radiography, Figure 2b), the previous 
processes were repeated. 

A similar cavity was prepared in the intact half of 
the thin tooth and photography was carried out under 
a stereomicroscope (Dino Lite AM9413T ×10, ×50, 
×200, Taiwan) for mathematical modeling. 

Modeling of Heat Transfer in the Tooth 

Transient modeling of heat transfer: Numerical 
simulation was carried out based on a two-
dimensional finite element method (2D FEM). The 
model was designed based on the photographs taken 
from a longitudinal section of the tooth according to 
the symmetric structure of the second mandibular 
premolar. The 2D FEM modeling can be utilized for 
modeling 3D symmetrical objects for the sake of 
computational simplicity.14 After taking a photo-

graph under a stereomicroscope, the outer layers of 
the teeth were determined using a professional 
CATIA software package. FEM analytical analysis 
was performed by ABAQUS 6.11 software package. 
Heat transfer was quantitatively investigated using 
2D FEM. Thermal diffusivity and heat transfer in 
different layers of the teeth were determined con-
tinually. 
Local test: For a more accurate assessment of the 
model, three points in enamel, dentin and pulp were 
selected in all the teeth and modeling conditions 
were set according to the experimental procedures. 
Sensitivity analysis: Different values of thermo-
physical properties of human teeth are reported in 
the literature.1,8,19 In order to investigate the effect of 
changes in parameters, time-varying temperatures of 
the locations T3 and T4 were calculated using FEM 
for different values of thermophysical properties and 
compared to the values recorded by the sensors (Fig-
ure 1b). 

Results 

In Vitro Measurement of Heat Transfer in Teeth  

Overall, thermal stimulation for 30 seconds with 
LED LCU with at intensity increased the tempera-
ture from 28°C to 38°C (a 10oC increase) in IIT and 
PIT. When high-intensity LED LCU was used, tooth 
temperature increased from 28°C to 48°C (a 20°C 

 
Figure 2. Cavity-prepared immature tooth: a) photography, b) radiography. Temperature changes recorded in cav-
ity-prepared immature tooth during application of: c) low-intensity LED LCU; d) high-intensity LED LCU. Yellow: 
T0; black: T1; cyan: T2; green: T3; red: T4; blue: T5 (according to Figure 1.b).
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Table 1. Local test by using high-intensity LED 

Tooth 
Temperature increase 

(enamel) 
Temperature increase 

(dentin) 
IIT 5.8°C (35.2–41) 2.5°C (36.5–39) 
PIT 10.8°C (35.2–46) 5.5°C (36.5–42) 
IMT 3.3°C (35.5–38.8) 1.2°C (36.6–37.8) 
PMT 9.5°C (35.5–45) 3.4°C (36.6–40) 

increase) as shown in Figures 2c-d. 
CEJ area temperature was similar to the ambient 

air (24°C); however, when cavity preparation was 
carried out it increased to 27°C. 

In all the above situations pulp temperature was 
similar to bath water without any changes (37°C). At 
the base of the IIT (T5), temperatures increased to 
32°C (with low-intensity LED) and to 35°C (with 
high-intensity LED). 

Heat Modeling 

Transient heat modeling was carried out according to 
the experimental procedures. The profile of tempera-
ture distribution was recorded at 5, 10, 15, 20, 25 
and 30 seconds (considering the periods of LED ap-
plication) and is illustrated for PIT in Figure 3. The 
same process was repeated for the other teeth (IIT, 
IMT, and PMT=cavity-prepared mature tooth).  

The results of the local tests by applying the high-
intensity of LED to IIT are illustrated in Figure 4. A 
comparative study of local tests is represented in Ta-
ble 1.   

Sensitivity analysis tests were performed by apply-
ing changes to the enamel and dentin densities as 
well as enamel and dentin heat conductivity coeffi-
cients. Temperature changes at the locations T3 and 
T4 as a result of changes in enamel and dentin densi-
ties were negligible and therefore not illustrated in 
this report. The results of sensitivity analysis by ap-
plying changes in heat conductivity coefficients of 

enamel and dentin are shown in Figure 5.  

Discussion 

Heat generated within the tooth during clinical den-
tistry can cause thermally induced damage to hard 
and soft components of the tooth (enamel, dentin and 
pulp). An intrapulpal temperature exceeding 42°C 
could result in irreversible pulp damage.8,14 All the 
previous investigations on heat transfer have been 
carried out on mature teeth.1 However, considering 
the variations in tooth geometry that occur as a result 
of aging a better comprehension of the process under 
study can be provided because geometrical charac-
teristics of immature teeth are different from those of 
mature teeth.1 In this study, heat transfer as a result 
of using LED LCU was investigated in immature 
teeth and then compared to mature ones. Similar to 
the strategy adapted by Preiskorn et al,8 in order to 
simulate the transfer of heat at the dentin‒pulp junc-
tion and soft pulp tissue, a copper wire was placed 
within the pulp chamber and its location was verified 
by radiography. Similar to Whilst Hanning et al6 the 

 

Figure 3. The results of transient heat modeling for 30 seconds of application of LED LCU with an intensity of 1200 
mW/cm2 in PIT. From top left to bottom right: 5, 10, 15, 20, 25 and 30 seconds, respectively. 
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pulp chamber was filled with warm water (37°C) to 
mimic heat transfer through the soft tissue in the 
pulp chamber. These in vitro measurements with 
simulated pulp tissue are more reliable than those 
carried out with an empty pulp chamber since they 
simulate the undeniable role of the pulp in heat trans-
fer. In vitro experiments in IIT showed a 10°C and 
20°C increase in temperature in T2.  In the PIT these 
values were 4oC and 7oC. The difference can be at-
tributed to geometrical changes due to cutting the 
enamel and dentin. In this situation the tooth with 
exposed dentin responded more quickly to thermal 
stimulation in comparison to the intact one. In both 
the teeth above, there was no thermal increase in 
pulp (37°C) with the use of LED LCU with the two 
intensities. Tunc et al also reported that long-time 
exposure to LED LCU did not result in a consider-
able rise in the temperature within a pulp chamber 
model.14 

Unlike a previous study carried out by Preiskorn et 
al8 we decided to extend the relaxation time between 
the experiments to 30 minutes to allow the tooth to 
regain its primary temperature. By doing this we 
tried to bring the initial condition of each model 
closer to that of the other models, which would result 
in more meaningful comparisons.  

The initial condition for modeling was produced 
by considering the boundary temperature of the re-
gions in the water bath at 37°C and then simulating 
the heat transfer phenomenon for 30 minutes to bring 
the initial condition closer to the tooth condition 

prior to extraction. A 5°C difference exists in the 
initial conditions of enamel recorded during the ex-
periment and those obtained by modeling (Figures 2 
and 4). The sensor T2 in Figure 2 is located at the 
surface of tooth; therefore it mostly takes up the am-
bient air temperature (28°C). However, the initial 
condition in Figure 4 is a result of heat conduction 
from water (at 37°C) through the copper wire (which 
is simulated for 30 minutes).  

Figure 4. Local test results: a) Locations of local tests
are denoted as red circles. Time-varying temperature 
in specified location in (a), as a result of application of 
the high intensity of LED LCU (1200 mW/cm2) to b) 
IIT and c) PIT. 

During IIT and IMT transient heat modeling, sur-
face temperature increased by using an LED unit. 
Pulp temperature remained at 37°C under all the 
conditions. This shows that using LED did not pro-
duce harmful heat when used according to the manu-
facturers’ operating procedures in immature tooth. 

For a more accurate study of the transient tempera-
ture, local tests were performed on three points in 
enamel, dentin and pulp by using a high-intensity 
LED light-curing unit. In PIT and PMT, the tooth 
responded more quickly to thermal stimulation (Ta-
ble 1). This is due to the removal of enamel and as a 
result of direct heat transfer to dentin. 

In this modeling of heat transfer all the thermo-
physical properties of immature and mature teeth 
were extracted from the literature. Since these pa-
rameters were chosen to be the same in the models 
of immature and mature teeth, all the differences in 
the temperature are due to geometrical characteris-
tics. For example, an immature tooth has an ex-
panded pulp area and dentinal tubules, open apex 
and less dentin diameter in comparison to a mature 
tooth.  

This study was carried out based on the thermo-
physical properties found in the literature.1,8,19 To 
investigate the effect of changes in the tooth tissue 
properties on the obtained temperature, the model 
was simulated several times with different values for 
thermophysical properties. 

Modeling results were similar to in vitro experi-
ments (Figure 5). The small differences between ex-
perimental and modeling results in this study were 
related to different initial temperatures. In this study 
the difference between recorded temperatures and 
those obtained by modeling was smaller than what 
was previously reported by other researchers.8 

Variations in the densities of enamel and dentin 
did not have an effect on the temperature in imma-
ture teeth (Figure 5). However, variations in the co-
efficient of heat conductivity in enamel and dentin 
caused changes in the profile of temperature rise in 
immature teeth. 

In mathematical modeling the tooth is simplified as 
a system of geometrical areas containing dentin, 
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Figure 5. The results of sensitivity analysis. a) Locations of sensitivity analysis tests, corresponding to T3 and T4, 
respectively. Temperature variations as a result of changes in heat conductivity coefficients of enamel and dentin at 
locations T3, (b) and (c), and T4, (d) and (e). 

enamel and dental materials. This simplification 
leads to approximate results. Moreover, even though 
the application of a 2D FEM can be justified due to 
the symmetric structure of the second mandibular 
premolars, this assumption may also result in small 
variations in the results from the actual values. 
Therefore, the measured and estimated values re-
ported in this research cannot be directly assumed 
for temperature changes during in vivo studies.  

Although in this study the effect of variations in 
model properties were investigated by performing 
sensitivity analysis, further studies are still required 
to determine accurate thermal properties of immature 
tooth.  

In this study the structure of dentin and enamel 
were assumed to be homogenous in order to simplify 
the modeling procedure. More accurate results can 
be obtained by assuming a heterogeneous structure 
for the aforementioned tissues according to a reason-
able statistical approach.  

Conclusion 

Using LED LCU in immature teeth had no effect on 
pulp temperature in this study. Sensitivity analysis 
showed that variations of heat conductivity can af-
fect heat transfer in immature teeth. Therefore, fur-
ther studies are required to determine thermal con-
ductivity of immature teeth. 
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