
THE EFFECT OF DENTAL CURING LIGHT ON THE INTRAPULPAL 

TEMPERATURE DURING PREPARATION.AND RESTORATION OF PREMOLARS 

By 

Christoph I. H. Langer, D. D.S. 

Submitted to the Faculty of the School of Graduate Studies 

' . 
of the Medical College of Georgia in partial fulfillment 

of the Requirements of the Degree of 

Masters of Science 

July 2002 



THE EFFECT OF DENTAL CURING LIGHT ON THE INTRAPULPAL 

TEMPERATURE DURING PREPARATION AND RESTORATION OF PREMOLARS 

This thesis is submitted by Christoph I. H. Langer D. D. S., and has been 

examined and approved by an appointed committee of the faculty of the School of 

Graduate Studies of the Medical College of Georgia. 

The signatures below verify the fact that all required changes have been 

incorporated and that the thesis has received final approval with reference to content, 

form and accuracy of presentation. 

This thesis is therefore submitted in partial fulfillment of the requirements for the 

degree of Master of Science in Oral Biology and Maxillofacial pathology. 

Major Advisor 

Department Chairperson 

11 



Determination of Curing Light Intensities .................................................... .31 

Creation of Discrete Application and Total Energies .................................... 32 

Application of discrete energy levels ............. ~···············································36 

Measurement of preparation depths ............. ~.: .. -.. ~ .......................................... 36 

Placement and in s.itu curing resin composite ............................................... .3 9 

RES·ULTS ................. ~ .............................. ~-~ ................................................................. 41 

Equivalence of Temperature Wse between Te~th .................................................... .41 

Peak Temperature Rise with Applications Of Similar Total Energy ........................ .45 

Peak Temperature Rises Associated With Various Stages of Restoration ............... .49 

A) Constant energy application of no filter, 10-s exposure duration ........... .49 

B) Constant energy application of filter B, 19-s exposure duration ............. 53 

C) Constant energy application of filter C, 30-s exposure duration ............. 57 

D) Constant energy application of filter D, 55-s exposure duration ............. 61 

Applications of Discrete Energy Levels .................................................................... 67 

Multiple Regression Analysis Was Applied To the Relationship between Peak ...... 71 

DISCUSSION ............................................................................................................ 72 

CONCLUSION .......................................................................................................... 83 

BIBLIOGRAPHY ...................................................................................................... 85 

V 



ACKNOWLEDGMENTS 

I would like to express my sincere thanks and gratitude to the following people who 

contributed to the completion of this thesis. First, I wish to thank Dr. Frederick A. 

Rueggeberg, my major research advisor, for all his support and encouragement. Over the 

past two years, not only did he provide expert guidance during every phase of my · 

research, but Dr. Rueggeberg was always there with words of support. and an unshakable 

belief in my capabilities. There is no doubt that that his dedication and assistance will be 

forever remembered and cherished. 

Also a special thanks to my research committee: Dr. David H. Pashley for his 

continued desire to improve ,this thesis. To Dr. Frederick R. Liewehr, my mentor and 

. endodontic program director at Fort Gordon, for providing me the opportunity to pursue a 

Masters of Science degree and his invaluable guidance. To Dr. George S. Schuster, who 

unselfishily gave his support and expertise as I sought to complete thls project. Special 

acknowledgment is extended to Dr. William Patton, one of my mentors at Fort Gordon. 

Dr. Patton was originally a member of my · advisory committee; however, he was 

reassigned to another military post before my thesis could be completed. . A special 

thanks to Ms Linda Moss for her assistance in Dr. Rueggeberg's laboratory. 

Last, to my parents for having taught me to continually strive for excellence and 

for all their love, support, and understanding. 

vi 



LIST OF FIGURES 

Figure 

1. Experimental flow chart ................................................................................ 6 

2. Tooth dimensional meas1:1rements for comparison ...................................... 22 

3. Tooth dimensional measurements for the placement ofthermocouple ........ 23 

4. Schematic for electronic intrapulpal temperature measurement .... · ............. 27 

5. Schematic diagram to allow the intrapulpal temperature 

measurement ofpremolars ........................................................................... 30 

6. lrradiantflux (mW/nm)for eachfilter type for 350-550 (nm) 

wavelengths (Attenuation of light for each neutral density filter) ............... 33 

7. Foil placement for verification of Class· Vpreparation over the 

thermocouple (I'ooth #l) .............................................................................. 38 

8. Intact tooth # 1 and tooth #2 with thermocouple placement ........................ 43 

9. Linear regression of intact and prepared teeth: Effect of tooth thickness 

on peak intrapulpal temperature with deferent filters applying the 

same constant energy ................................................................................... 4 7 

10. Correlation between remaining tooth ihich-ze_ss and peak temperature 

rise when using the constant energy application of No Filter and 

a 10-se~ond exposure ................................................................... -: ............... 51 

11. Correlation between remaining tooth thickness and peak 'fempera~ure 

rise when using the constant energy-application of filter B and 

Page 

vu 



a 19-second e_xposure .................................................................................. 55 

12. Correlation between remaining tooth thickness and peak temperature 

rise when using the constant energy application of filter C and 

a 30-second exposure ...................................................................... ~ ........... 59 

13. Correlation between remaining tooth thickness and peak temperature 

rise when using the constant energy application of filter D and 

a 55-second exposure· .............................................................. ~ ................... 63 

14. Effect of remaining tooth thickness and exposure duration on 

intrapulpal temperature rise with discrete amounts of energy ................... 68 

vm 



LIST OF TABLES I 

Table i 

i 
I. Calculation of exposure duration times to proviif,e constant 

i 
. I 

energy levels ................................ ·:······················!········································34 
I 

2. Equivalence of attenuated light intensities with -1:evels commonly 
I 

observed from a variety. of different types of li,ht-curing units ................. .35 . 

3. Analysis Of peak temperature risefo~ intacf teeth Whe'n using the total 
' .. :· . ' . <- ·1 . . 

energy concept and also the application of discr
1
ete energy levels 

l . if k . . fi·. ,l h. . . 44 
ana yszs o pea temperature rise .• or z~tact teet,f w en using ...... ,. ............. . 
"· . . ,, 

· 4:·· Stati~tical a17:alysis of tooth thicknctss and peak intrapulpal 

tempe,;ature for different filters using constant energy applications .......... .48 

5. Linear regression analysis of remaining tooth thickness and peak 

intrapulpal temperature for the different filters using a constant 

energy application exposure through No Filter .......................................... 52 

6. Linear regression analysis of remaining tooth thickness and peak 

intrapulpal temperature rise for a constant energy application 

exposure through Filter B for 19- seconds ................................................. 5 6 

7. Linear regression analysis of remaining tooth thickness and 

peak'intrapulpal temperature rise for a constant energy application 

exposure through Filter C for 30-seconds ·····························••H••··············· 60 

8. Linear regression analysis of remaining tooth thickness and 

peak intrapulpal temperature rise for a constant energy application 

Page 

lX 



exposure through Filter D for 55- seconds ................................................. 64 

9. Statistical Analysis .of remaining tooth thickness _and intrapulpal 

temperature for the different filters using a constant energy 

application exposure through Filter D .......................................... ~ ............. 66 

) 0. Correlation between IPT rise of a simulated restorative scenario 

and remaining tooth structure .................................................................... 70 

X 



.LIST OF EQUATIONS 

Equation Page 

1. Thermal diff'usivity ......................................................................................... 13 

2 Total energJJ equation············-'·····························~········································· 18 

3. Fluid flow rate ................................................................................................. 28 

4. Multiple regression analysis ......................................................................... 71 

5. . Heat of polymerization for different monomers .............................................. 79 

Xl 



# 

p 

%T 

BIL 

cal 

cc 

Cp 

CV 

d 

EID 

gm 

IPT 

IPT · p 

J 

K 

kVp 

LED 

mA 

Number 

Degree centigrade 

Density 

ABREVATIONS 

Percent transmission (light) 

Buccal lingual 

Calorie 

Cubic centimeter 

Heat capacity 

Critical value 

exposure duration in seconds 

Enamel dentin 

Gram 

Intrapulpal temperature · 

Peak intrapulpal temperature rise above base line 

Joules 

Thermal conductivity independent of shape 

Kilo voltage peak (radiography) 

Light emitting diode 

Miliamp (radiography) 

Xll 



mJ Milijoules 

mL Mililiter ( 10-3 liters) 

µL Micro liter (10-6 liters) 

µm Micrometer ( 10-6 meter) 

mm Millim~ter ( 10-3 meters) 

mV Millivolt 

mW Milliwatts 

N Not significant 

no. Number 

nm nanometer 

PAC Plasma arch curing (light) 

PB Pulpal (intrapulpal) blood flow 

QTH ,; Quartz tungsten halogen 

r Correlation coefficient 

R2 Coefficient of determination 

RDT Remaining dentin thickness. 

s · Significant 

s Seconds 

SD Standard deviation 

t Remaining tooth thickness in mm 

xiii 



(1 

I. INTRODUCTION 

A .. Statement of the Problem 

Adequate polymerization is a critical factor in obtaining optimal clinical 

performance from.dental composite restorations. In recent years~ manufactures of dental 

curing lights have developed a wide variety of visible curing lights providing a wide 

range of light intensities. As more posterior composite restorations are being placed, 

most current curing lights fail to meet the demand for curing complex composite 

restorations due to inadequate power output To obtain adequate depth of cure, many 

clinicians extend the manufacturers' recommended exposure times to ensure adequate 

polymerization. Therefore, in an effort to achieve a proper depth of composite 

polymerization_ and to reduce exposure time? manufacturers developed high intensity 

curing lights. These lights have an increased energy output allowing decreased exposure · 

time to adequately polymerize light-cured composites. Such lights are appealing because 

they improve composite depth of cure and reduce clinician chair-side time. 

The problem associated with some of these curing lights is that, along with an 

increased energy output, there is a potential for oral tissue injury. Light energy is not 

benign, and can cause damage to oral tissues. Blue light inhibits cell mitosis by 

interfering with centriole formation during cell division (Gorgidze et al., 1998). Curing 

light exposure also increases surface and intrapulpal tooth temperatures. The thermal 
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insult generated by visible-light-cure units may jeopardize dental pulp health. Thermal 

injury can occur due to the exothermic heat produced by composite restoration 

polymerization· and. the heating effect of the_ curing light (Hussey et al., 1995). The 

greatest temperature rise occurs during the first incremental exposure of composite 

(Goodis et al., 1990). 

· By knowing the intensity of the curing light and the duration of exposure one can 
. ' ~ ' . . 

calculate the total energy delivered during the exposure~ The "Total Energy Concept" is 

based on the theory that the extent of cure of a photoinitiated restorative resin is directly 

correlated with the total energy delivered to it (Miyazaki et al., 1996). If the concept is 

true, any exposure duration and intensity combination that results in equal production of 

energy should provide the same amount of cure (Nomoto et al., 1994; Rueggeberg et al., 

1994). 

B. Significance of proposed study 

Little is known about intrapulpal tooth temperature rise as a result of exposure to 

high-intensity lights. By knowing the temperature value created by a specific curing light 

intensity or when using a specific total energy dose, the dentist may be able to adjust the 

exposure duration to a level that may not be as detrimental to the pulp. 

C. Purpose 

The purpose of this research was to measure: 

1. The effect of removal of tooth structure on intraprilpal temperature rise when 

delivering: 

a. Discrete levels of irradiant energy, or 
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b. Similar levels of energy applied using four combinations of power and 

exposure duration. 

2. The effect of remaining dentin thickness on peak intrapulpal temperature rise 

when placing and curing a resin composite. 

The experimental- protocol is outlined in Figure 1. 

D. Hypotheses and Specific Aims 

Equivalence oftempe~ature rise between teeth 

Hypothesis 

1. It hypothesized that with similar teeth the same maximum intrapulpal 

temperature rise will be observed when applying both the variations of total · 

energy applications and discrete levels in the intact tooth state. 

Specific Aim 

To measure peak intrapulpal tempera~e rise when applying all the variations 

of total energy applications and discrete levels on the intact teeth. 

Intrapulpal temperature rise with delivery of similar total irradiant energy 

Hypotheses 

It is hypothesized that, by using· similar total ene~gy at equivalent remaining tooth 

. thfokness 

2. The intrapulpal temperature rise will be equal at similar total energy · 

levels, 
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3. The addition of composite will reduce the intrapulpal temperature rise, and 

4. The exothermic heat generated during composite polymerization will be. 

independent of the methods used to apply the same amount of total 

irradiant energy. 

It is also hypothesized, that by applying a constant energy at different RDT 

(remaining dentin thickness), the 

5. Intrapulpal tempera~e rise for a given level of applied irradiant energy 

will increase as the RDT decreases, and 

6. The intrapulpal temperature rise from light re-exposure of the existing 

composite restoration for a given dose of applied energy will be greater for 

· a deep restoration than for a medium one, which in turn will be greater 

than that of a shallow treatment. 

Specific Aims 

The specific aims to test these hypotheses at a constant energy are: 

1. To measure the peak intrapulpal temperature rise at different RDTs for 
. ' : ' -

different.;neutral density filters with corre·sporiding exposure durations that 
.. . ••' . 

result in the same constant total energy 

2. To measure the peak inttapulpal temperature rise for different neutral 

density filters with corresponding exposure durations that result in the 

same · · constant energy. level · and at different RDT during 

photopolymerization of composite. 
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3. To measure the peak intrapulpal rise for different neutral density filters 

with corresponding_ re-exposure durations that result in the same constant 

energy" at different RDT after complete polymerization of composite. 

Application of discrete irradiant energy levels 

Hypotheses 

For application of discrete -levels of applied energies at a given RDT, it is 

hypothesized that 

7. Peak intrapulpal temperature will increase as the total energy is increased, 

8. The peak intrapulpal temperature for similar discrete levels of applied 

energy will increase as the RDT decreases in a constant fashion. 

Specific Aim 

The specific aim to test these hypothesis at a discrete levels of applied energy is 

1. To measure peak intrapulpal temperature rise as the total energy is 

increased stepwise . 

by doubling the exposure duration imparted on the tooth at different RDT. 
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Figure 1: Experiment flow chart 
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D. · Review of the Literature 

Tooth Structure 

Tooth tissue is composed of dent~, enamel, cementum, and pulp tissue. Pulp 

tissue consists of an odontoblastic layer and a cell-free zone. Blood capillaries, 

unmyelinated nerve fibers, and slender cytoplasmic processes of fibroblasts pass through 

this zone . .,. The cell-rich zone is a· stratum containing a relatively high proportion of 

fibroblasts compared to the more central region of the pulp. In addition to fibroblasts, the 

pulp may also include macrophages and lymphocytes. The pulp proper is the central 

mass of this tissue. T~s structure contains larger blood vessels, nerves, connective tissue 

cells, or fibroblasts (Cohon & Bums, 1998). The pulp tissue forms a protective covering 

composed of dentin and enamel or cementum of varying t~cknesses. 

Enamel is extremely hard and enables the tooth to withstand forces · of 

mastication. This tissue is composed of 96 wt% mineral and 4 wt% organic material and 

water (Ten Cate, 1998). Enamel is the hardest calcified tissue in the human body, duet~ 

its high mineral content and crystalline arrangement. Microscopically, enamel is 

composed of rods or prisms of hydroxyapatite crystals .. The enamel rod is columnar with 

crystals having long axes running parallel to· the enamel rod. This crystalline 

arrangement is more like a keyhole or ·racquet-shape than a cylinder (Simmelink & 

Abrigo, 1989). The crystals flare laterally at the enamel rod periphery, and in human 

enamel, these rods may be 90 nm in width and 0.5 · µm in length (Ten Cate, 1998). Field 

7 



emission. in-lens scanning electron 'microscopy (FEISEM,) •showed crystal orientation 

both longitudinal and parallel- to the long. axes of the prisms (Breschi et al., 1999). The 

rod surface is termed the rod sheath, and the center, the rod core. The rod sheath contains 

slightly more organic matter than does the rod core. (Ten Cate, 1998) 

Dentin, located directly under enamel of the tooth crown, provides the bulk of 

tooth structure and also supports the brittle enamel outer layer. Dentin is characterized as 

a hard tissue with tubules throughout its thickness. The composition of this tissue is 45 

wt% inorganic material, 33 wt% organic material, and 22 wt% water (Ten Cate, 1998). 

FEISEM studies reveal mineral crystals and collagen banding in dentin (Breschi et al., 

1999). The crystalline structure of dentin is different from that of enamel in that the 

dentin hydroxyapatite crystals are 3 nm in width and 100 nm length (Ten Cate, 1998). 

Cementum functions as a covering of the root surface, a seal for open dentinal tubules, 

and an attachment for periodontal fibers that hold the tooth in its socket. 

Microcirculation and Pulpal Inflammation 

Pulpal microcirculation consists primarily of capillaries, arterioles, and venules. 

Main arterioles enter the root canal through the apical foramen, located slightly off-

center, and travel through the center of the root canal(s) and longitudally towards the 

coronal pulp. 1:-Jume~ous capillaries branch from the arterioks at right angles to form a 

subodontoblastic capillary plexus. The terminal capillary network branches there from 

the main trunk vessels and shows a continuous, progressive hierarchy, from arterioles to 

capillaries. These capillaries then combine to form venules. Venules occupy a greater 

area in the cent~al portion of the pulp. • Small venules coalesce to form large venules that 

then join others, thereby increasing lumen diameter as they advance toward and through 
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the apical foramen (Kim, 1985). 

The primary purpose of the microcirculation is to transport nutrients and oxygen, 

and to remove metabolic waste products from the tissue. In-flow, intra-vascular~ and 

extra-vascular pressures, blood flow volume, and capillary permeability all play 

important roles in initiating pulp disorders and in contributing to the pathophysiological 

process (Kim; 1985). During inflammation chemical mediators such as histamine~ 
' 

prostaglandins, serotonin, and bradykinin, are activated in tissue fluid following injury or 

are released by injured cells to initiate a reactive process to repair damage or fight 

infection. 

There are three basic vascular responses to tissue injury: dilation, stasis, and 

permeability. Local inflammation causes inflammatory agents to be released from cells 

and tissues, significantly reducing vascular reactivity. Local inflammation results from 

release of inflammatory agents; the reduction of vascular reactivity causes vasodilation 

and a decrease in vessel flow resistance. Vasodilation and a decrease in flow resistance 

raises both intravascular pressure and capillary flow. This occurrence, in tum, 

precipitates an mcrease iri capillary permeability favoring vessel filtration of 

macromolecules causing fluid to leak from the vessels into the surrounding connective 

tissue. The accumulation of this tissue fluid is termed edema, which causes an increase 

in pulpal tissue pressure. The pulp chamber is a low compliance environment, meaning 

that a small increase in tissue swelling causes c1. large increase in tissue pressure, diverting 

blood from inflamed regions to more normal _pulpal regions of lower pressure. Thus, 

edema is detrimental to pulpal survival. Changes in local metabolic factors contribute to 

vasodilation in the adjacent areas, and thus to a gradual spread of inflammation (Kim et 

al., 1992). 
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Simulated microcirculation experiments on extracted human incisors show a 

reduction in intrapulpal temperature elevation during exothermic polymerization 

·reactions of provisional crown restorations (Grajower et al., 1979). This reduction 

indicates that pulpal microcirculation of a tooth plays an important role in pulpal 

temperature regulation. Pulpal blood flow, in that work, was simulated by injecting water 

into the pulp chamber with a syringe pump. The water was heated to 3 7° C before

entering the tooth through the incisal aspect of the pulp chamber. The tooth was inverted 

to insure that the pulp chamber was full of circulating fluid. The water flowed out via the 

apical foramen. The investigators calculated the pulpal volume to be 0.01 mL. Using the 

known pulpal blood flow rate of dogs (0.98 ± 0.07_ mL /(min x gram of pulp)) (Meyer et 

al., 1964), a simulated microcirculation rate of 0.01 mL/min was determined. A 

thermocouple was placed in contact with the incisal surface of the pulp chamber. The 

intrapulpal temperature: rise that occurred due to the exothermic .setting reaction of the 

acrylic resin was recorded with and without microcirculation. _ With microcirculation, ·a 

15% reduction in the peak intrapul~al temperature rise was observed over that for the 

tooth without microcirculation. 

Effect of Thermal Irritants on Pulp Tissu~ 

The intact pulp responds to increase in a~plied heat in a fairly predictable manner. 

In a study using Macaca rhesus monkeys, chosen for their large teeth with morphological 

similarity to human dentition, histological pulpal changes froJ.?-1 applied temperature were 

-examined. The responses to various intrapulpal temperatures were measured at specific 

time in~ervals following heat application: 2, 7, 14, 56, and 91 days (Zach & Cohen, 

1965). An intrapulpal temperature change was induced by applying a soldering iron to 

the facial aspect of teeth 1 mm from the gingival crest. The dimensions of the soldering 

iron tip were 3 mm by 1.5 mm. A surface temperature of 275° C was reached on the 

soldering tip. Contact time on the tooth was from 5 s to 20 s and produced a range of 



intrapulpal temperature changes. It was found that an increase of in intrapulpal 

temperature 5 .5° C caused 15% of the teeth to become irreversibly inflamed. An increase 

in pulpal temperature of 11.1 °C caused irreversible inflammation in 60% of teeth. 

Another independent study examined the effect of 8.9 - 14. 7° C rise in pulpal temperature 

on healthy human dental pulps (Baldissara et al., 1997). The temperature increase lasted 

for 1 min 40 sec to 3 min 30 sec, corresponding roughly to those times resulting from 

certain restorative procedures. The teeth w~re then monitored for 60.:.91 days. The' 

results indicated that the pulp, is less susceptible to thermal injury then previously 

thought, since no:11e of the teeth· became symptomatic :during this time and there w~s no 

histological evidence of thermal injury or reversible pulpitis. 

The effect of thermal irritants on the circulation of lower incisor rat pulp has also 

been studied (Pohto & Scheinin, 1967). A decrease in pulpal temperature from 3 7°C to 

31 °C or lower caused a _decrease· in blood flow. Returning pulp temperature to the 

original 3 7°C restored circulation to normal, but in some cases, also caused hyperemia. 

Irritations resulting from heat (39-42°C) led to an increase in blood flowo The critical 

temperature for irreversible damage to rat pulp was found to begin at 42.5°C (5.5° C 

increase over baseline levels). . . Stasis and thrombosis lead to circulation ·arrest, and 

appeared in the exposed pulp at 46-50°C and in the ·unexposed pulp at 46-60°C when the 

duration of thermal irritation was only 30 seconds. When pulpal temperature was 

. increased to 46°C and lasted for two minutes, circulatory arrest developed. Similarly 

(Raab, 1992) reported that rat incisor pulpal blood flow increased when the tooth surface 

temperature increased between 49-51 ° C, reaching a maximum of 240%. Bfood flow 

recovered when the temperature returned to control physiologic values. In an earlier 

study also using laser doppler flowmetry, it was shown that a surface · temperature 

increase to between 35 - 45° C caused, on average, a 100% increase in microcirculation. 

Use of local anesthetic (3% mepivacaine and 5% articaine) without vasoconstrictor 
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blocked the protective mechanism eliminating the pulpal blood flow increase caused by 
' 1: 

elevated temperature. {Muller & Raab; 1990). 

Thermal Properties of Dentin and Enamel · 

Dentin and enamel have physic~l properties that detenp_ine _ the rate of heat or 

thermal ~nergy · transfer through· tooth structure: the thermal properties of enamel and 

·dentin. In order to llllderstand these: properties, one,.rriust have a understanding of what 

heat and thermal energy represent. The thermal energy of a system is the combination of 

kinetic and potential energies associated with the random motion of particles (molecules 

and atoms) that compose the system or object (Halliday et al., 1993). Heat is defined as 

the energy that is transferred from one system to another because of a difference in 

temperature (Oxford Dictionary of Physics, 2000). Heat transfer occurs from one system 

at a higher temperature to a system at a lower temperature via the collision of their 

-constituent particles. The three mechanisms of heat transfer are conduction, convection, 

and radiation (Halliday et al., 1993). The ability for substances, such as dentin and 

enamel, to. conduct heat can be expressed as thermal conductivity. The thermal 

conductivity of a material is defined as K and is the quantity of heat, in calories or joules 

per second, passing through a body 1 cm thick with a cross section of 1 cm2 when the 

end-to-end temperature difference is 1 ° C. The units are cal/sec/crii.2/(° Clem). Metals 

have higher thermal conductivity values than nonmetals and are therefore better 

conductors of heat than non-metals. Dentin and enamel have low thermal conductivity 

values and are therefore, good thermal insulators of the pulp. · The th~rmal conductivity 

of dentin is 0.0063 J/sec/cm2 (°C/cm) and that of enamel is 0.0092 J/sec/cm2 (°C/cm) 

(Craig & Powers, 2002). 

Convection is the transfer of thermal energy by motion, usually as gas or a liquid, 

from one part of the material to another. Natural convection occurs when a gas or liquid 
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is heated then expands and become less dense and floats upward catrying heat with it. 

Thermal radiation is the energy carried by electromagnetic radiation emitted by an 

object. A hot object radiates electromagnetic waves at all wavelengths but the frequency 

at which the most intense radiation is emitted_ shifts to higher values as the temperature 

increases. All warm objects emit infrared. electromagnetic radiation (Halliday et al., 

1993). 

The specific heat capacity of as substance is the quantity of heat required to raise 

the temperature of 1 gram of the substance by 1 ° C_. For example, the heat required to 

raise the temperature of 1 gram of water at 15 to 16° C is 1 calorie ( cal). Generally most 

substances are more readily heated than water. As a rule, the specific heat of liquids is 

higher than those of solids. The specific heat capacity of dentin is 1.17 J/g/°C and that of 

enamel is 0.75 J/g/°C (Craig & Powers, 2002). 

Thermal diffusivity (a) is a measure of t~ansient heat flow and is defined as the 

ratio of thermal conductivity to the heat capacity of the material. The units of thermal 

diffusivity are mm2/sec. 

a=K/pCp 

Where: 

K = themial conductivity, independent of shape 

p =density· 

Cp =.heat capacity 

(1) 

Thermal diffusivity describes the rate at which a body with a non-uniform temperature 
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approaches equilibrium (Craig & Powers, 2002). Diffusivity is a more important 

parameter than thermal conductivity and has been used to evaluate short-term 

temperature changes at the pulpal floor of a metallic restoration (Brandan, 1964 ). It was 

found that diffusivity, which indicates the amount of thermal energy the dentinal tissue 

must dissipate within biological tolerances, could be used to evaluate the heat flow 

through.nonmetallic restorations (Civjan et al., 1_972). The thermal diffusivity of dentin 

is 0.183 mm2/sec, while that of enamel is 0.469 mm2/sec, almost 2.5 times that of dentin 

(Craig & Powers, 2002) .. Therefore, heat passes through enamel more readily than 

through dentin; enamel is a better heat conductor or a poorer insulator than dentin. 

Therefore, as the remaining dentinal thickness becomes less, the pulp looses its natural 

insulation and becomes more susceptible to thermal irritation (Goodis et al., 1989). 

Different Types of Thermal Irritation 

Temperatures observed in the oral environment _range from 0° C to 67° C, as a 

result of drinking ice water or hot coffee or tea (Palmer et al., 1992). These changes are 

considered normal and are not harmful to the oral structures. 

Thermal· i~jury · can occur . during a dental . procedure. Such procedures ·may 

generate heat energy by friction during cavity preparation (Zach & Cohen, 1962) or heat 

may. be produced froII?- the curing exotherm associated with direct-placed restorations. 

Resins used in restorative dentistry exhibiting curing exotherms include those used for 

the fabrication_.of provisional restorations (Castelnuovo & Tjan, 1997; Grajower et al., 

1979; Tjan et al., .1989), self-cured (Plant et al., 1974), and composite resin (Goodis et 

al., 1990). Polymerization of light-activated resins results in a temperature increase 

caused by both the exothermic setting reaction and the irradiant energy absorbed during 

light exposure. Curing units have been shown to vary in their heat-generating capability 
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(Goodis et al., 1989; Goodis et al., 1990). In vivo measurements of exothermic heat 

generated by polymerization of composite was measured using an infrared scanner, and a 

mean peak temperature rise above physiologic baseline of 5 ..4 ° C was noted, with a 

maximum peak temperature of 12° C (Hussey et al., 1995). That study monitored 

temperature changes during polymerization of resi~ composite from the surfaces of resin 

composite restorations during photocuring, not the intrapulpal temperature of the tooth. 

These results coincide with an in vitro study that measured temperature · rise during 

polymerization of 24 different composite materials (Hartanto et al., 1990). They found a 

temperature increase of 10 - 18 ° C for most of exothermic reactions which led them to 

conclude that ·polymerization of composite may damage the pulp tissue. However, this 

study measured the temperature rise in a: bulk of composite not placed in teeth. 

Recently, ~ther compounds used in conjunction with •curing lights have been 
' ,' -. ' 

found to contribute to thermal injury qf the pulp. It was demonstrated that bleaching 

agent containing heat-enhancing ·colorant exposed to a variety of conventional curing 

lights also produced peak intrapulpal temperatures that may be detrimental to the pulp 

(Baik et al., 2001). 

In vitro studies show that light polymerization of a composite resin, or subjecting 

the surface of teeth to conventional light-curing, causes intrapulpal temperature to 

increase a few degrees due to the thermal properties of dental hard tissues. The 

temperature increase depends on light intensity and exposure duration; the shorter the 

exposure, the less time the lamp has to generate heat (Goodis et al., 1989; Goodis et al., 

1990; Powell et al., 1999). 

Different Types qf Dental Curing Lights 

There are various light-curing units on the market today, having a wide range of different 
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output intensities. Some of these devices are quartz-tungsten-halogen units (QTH), high 

intensity QTH, short arc xenon lights (Plasma-Arc Lights or PAC lights), the argon-ion 

laser, and the light-emitting diode (LED) (Rueggeberg, 1999). 

The quartz-tungsten-halogen bulb consists of a coil of tungsten to which 

electrodes are connected permitting the flow of electricity. The coil is encased in a fused 

silica dioxide ( quartz) envelope that is resistant to high temperatures. The bulb is also 

filled with an inert gas •mixed with small traces of a. halogen~based gas. Tungsten atoms 

boil from.the hot tungsten wire, and_ enter into a vapor state, which produce light energy. 

The. main spectral output from the QTH source is infrared energy, which produces heat in 

materials that absorb it. Only 0.5% of the total radiant energ~ produced by QTH ~t 

falls within wavelengths necessary to polymerize composites. A disc of heat-absorbing 

glass is used to reduce the-~ount of infrared radiation;- another filter is used to pass only 

those visible light wavelengths that will ·be useful for polymerization (Rueggeberg, 

1999). The radiant energy output (power density) of~ cypical conventional QTH is 600 

mW/cm2
, between 400 nm and 500 nm (Hannig & Bott, 1999). 

Plasma-arc curing lights consist of two tungsten electrodes enveloped in a 

pressurized chamber filled with inert, xenon gas. When a very high electric potential is 

developed between the two electrodes a spark is produced. The spark, or streaming of 

electrons, ionizes the gas to· form a plasma, which then becomes conductive. This 

conduction causes. the entire system to develop high levels of radiant energy. The output 

. range includes ultraviolet, visible, and infrared wavelengths. The output has a natural 

spike at 465 nm, near the maximal absorption of the commonly used photoinitiator, 

camphorquinone (Rueggeberg, 1999). The light then travels through a bandpass filter 

and a liquid-filled light cord to remove undesirable infrared energy and pass along useful 

polymerization wavelengths between 400-500 nm (Rueggeberg, 1999). The power 

density for a PAC light is 2,400 mW/cm2
, much-higher than that of a QTH light (Hannig 
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& Bott, 1999). A PAC light saves time during procedures that require multiple exposures 

for complex rest~rations. The typical exposure duration is 10-s, which provides similar 

curing as from a 40-s exposure with a QTH (Craig & Powers, 2002). Even when using 

this higher power unit, two-millimeter incremental composite layers are still required to 

adequatly polymerize composite (Rueggeberg et al., 1994) 

The light emitting diode (LED) is a semiconductor that produces light energy. An 

LED is composed of two distinctly differently treated pieces of semiconductor material 

(galFum arsenide, indium phosphide, or gallium nitride) to give the desirable radiant 

characteristics. The two layers of semiconductor are designated as P and N regions. 

Applying a positive voltage across the P regio~ and a negative voltage across the N 

region causes the electrons and "holes" (lack of electrons) to flow towards the junction of 

the two regions. Where electrons drop into a "hole," recombination occurs with the 

release of energy ( a forward bias). As long as voltage is applied, electrons keep flowing 

through the diode and recombination occurs at· the junction (Hecht, 1999). In LEDs, the 

energy is released as intema~ heat and as photons of light. Light energy is reieased as the 

excited electron moves from an outer electron shell ( a higher energy state or conduction 

level) to an inner electron shell or valence level ( a lower. energy state) as recombination 

occurs. The process is very efficient because relatively little heat is produced (Hecht, 

1999; P~erret, 1996). The first generation LED curing lights have a power density of 300 

mW cm2
• The depth of cure with LED curing lights was found to be higher when 

compared with QTH (Mills et al., 1999). 
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Total Energy Concept 

The "Total Energy Concept" is based on the theory that the extent of 

polymerization of a photoinitiated restorative resin is based on the total irradiant energy 

delivered to it. Total energy is the product of the output of the curing light (m W/cm2
) 

and the duration of exposure. 

Energy (J) = Power X Time 

Joule= 1000 mW/s 

(2) 

Radiant power emitted from the curing light is characterized in units of milliwatts 

(mW), which is defined as the number of photons per second emitted by the light source. 

Power density, or intensity, is the number of photons per second emitted by the light 

source per unit area (mW/cm2
). A typical composite restoration requires a total energy of 

16 J/cm2 (400 mW/cm2 X 40 s = 16,000 mW· s/ cm2
) to adequately cure·(Craig & 

Powers, 2002). 

Based on the total energy concept, any exposure duration and intensity 

combination that results in equal production of energy should provide the same amount 

of cure (Miyazaki e't al., 1996; Nomoto et al., 1994; Rueggeberg, 1999) 
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II. METHOD AND MATERIALS 

Tooth Selection, Preparation 

Two matching (right and left),· caries-free, extracted human maxillary first 

premolars each having two divergent roots were obtained from the same patient and 

stored in thymol solution ( distilled water with 0.02% thymol) to prevent microbial 

growth. 1 This solution has been shown to increase dentin permeability, but has no effect 

. on bond strength (Goodis et al., 1993). Thus, this solutio:µ is considered not to alter the 

properties of tooth structure. 
' . . -

The ·premohrrs . were radiographed along side of an orthodontic wire 220 7 mm in 

length and 0.036" or 0.90 mm, 3M. Unitek Dental Products, Monrovia, CA) in 

buccolingual and ·mesiodistal directions using a dental X-ray unit (GE 1000, General 

Electric· Company, Milwaukee, ·WI) at ·70 KVp, 15 mA, with 15 impulses (0.25 s). 

Radiographs were developed in an automatic processor and digitally scanned· (HP Scanjet 

5470c slide scanner, Hewlett-Packard Co. Palo Alto, CA) at 24,000 dpi. The- scanned 

images were enlarged to 6 X 8 inches and imported into a word processing program 

(Word version 2000, Microsoft Corp., Redmond, WA). The images were printed and 

measurements of tooth structure· were made using digital calipers (Digit-Cal plus, Brown 

. and Shape, North Kingstown, RI). Measurements of the Jmown wire length served as a 

standard by which dimensions of tooth structure were calculated. Measurements were 

made of the images of the tooth crowns in buccolingual direction and mesiolingual 
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directions. Lines were drawn to measure the dimensions of each tooth for later 

comparison as shown in Figure 2. A line (a) was drawn from the outer enamel surface to 

the buccal pulpal wall and, using that line, the thicknesses of tooth structures ( enamel and 

dentin) were calculated. Another line (b) was drawn to measure the coronal diameter in 

the buccal-lingual direction. The crown length was also measured in a similar manner by 

drawing and measuring a line ( c) from the tip of the buccal cusp. to the CEJ. These 

measurements were referenced against that of the orthodontic wire 0.036" or 0.90 mm, 

3M Unitek Dental Products) of known length (d). The placement of the thermocouple 

was planned~ as shown in Figure 3 by drawing a straight line that best approximated the 

pulp-dentin interface of the facial pulp chamber wall (a). A line was drawn from the 

height of contour of.the b~ccal cusp perpendicular to pulpal-wall line (b); this location 

was the upper boundary for thermocouple placement. The lower boundary for · 

th~rmocouple pla~ement was d~terinirted by drawing a line from the CEJ perpendicular to 

pulpal-wall (c).· The point mid~ay (X) between these upper and lower limits was chosen 

as· the point of conta~t for the ~hermocouple. against the pulp 'racial chamber wall. A third 

perpendicular line ( d) was drawn from· the pulp-wall line, this time at the point of 

thermocouple placement out towards the lingual surface of the tooth. The point at which 

the line intersected the lingual surface was determined to be the point of entry for the 

thermocouple. The distance from the point of lingual intersection and the CEJ was 

measured. The actual distance from CEJ was calculated by solving for actual distance 

using the known dimension of the orthodontic wire ( e) (0.036" (0.90 mm), 3M Unitek 

Dental Products). A dot was placed on the lingual surface with indelible ink at the point 

below the CEJ where the thermocouple was planned to enter the tooth. Another dot was 
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placed on buccal surface midway between the height of contour and the CEJ which 

represented the placement of the thermocouple along the buccal wall of the pulpal 

chamber. Diagonal lines were drawn on the mesial and distal tooth surfaces that 

connected the two dots and served as a reference for angulation of the high-speed 

handpiece in accessing the pulp chamber from the lingual surface. 
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Figure 2: The dimensional measurement of the tooth for comparison 



Figure 2 
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Figure 3: Tooth dimension measurements/or the placement of thermocouple 



Figure 3 
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Pulpal Volume Determination 

The premolar pulpal volume was determined using water displacement. This 

information was required to determin~ the appropriate intrapulpal fluid profusion rateo 

Sticky wax was placed over the root openings and the empty tooth was weighed on a 

precession laboratory balance (model 1712 MPS, Silver edition, Sartorius, Gottingen, 

Germany). A 1 mL tuberculin syringe filled with distilled water was used to fill the pulp 

chamber via the lingual access opening and the tooth was re-weighed. The difference in 

weight was then calculated. Measurements were repeated five times- for each tooth and 

the average value of the water weight was used to calculate the weight of the pupal tissue 

that would have been present. Knowing that the weight of 1 ml of distilled water is equal 

1 gram, the volume for each topth' s pulp chamber was ~alculated. · Assuming that 1 ml of 

pulp tissue was equal to 1 gram of pulp tissu~, the rate of pulpal ·blood flow was 

calculated from previously published values (Kim, t 985). (See simulated pulpal 

circulation section) 

Thermocouple Fabrication and Placement 

The apical third of the buccal and lingual roots of the premolars were removed 

using a high-speed handpiece (8000, Midwest Dental Products Corp., a division of 

DENTSPLY International, Des Plaines, IL) with a carbide bur (no. 330 Midwest Dental 

Products _Corp) using water spay. An access opening was made from the lingual surface 

directly into the pulp chamber following the predetermined trajectory. Pulp tissue 

re~ants were removed with a barbed broach (Moyco Union Broach, York, PA) through 

the lingual access and the buccal and lingual root openings. The chamber was irrigated 
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with copious amounts of saline preparation. Before placement of the thermocouple, the 

pulpal volume was determined by water displacement, as described previously. 
. . 

K-type · cromel-alumel thermocouple wire (part no. TT-K- 30, Omega 

Engineering, Inc., Stanford, CT) was selecte_d for its precision in the 30 - 60°C range. 

The thermocouple was fabricated by spot-welding the wire elements using a stainless 

steal band welder (Rockey Mountain band welder, Rockey Mountain /Orthodontics, 

Division of Rocky Mountain Associates International Inc., USA). The thermocouple was 

inserted into the access opening until the junction came in contact with the facial pulp 

chamber wall as predetermine_d. The position of the thermocouple was verified 

radiographically from two directions (mesio-distally and occluso-gingivally) to ensure 

proper placemento The thermocouple was then checked to determine if it was functioning 

properly by connecting it to an analog-to-digital converter and monitoring the 

temperature when immersed in a water bath of. a known temperatureo Once it was 

determined that the thermocouple was functioning properly and in the correct position, 

the device was secured in position using a flowable composite (AELITE FLOW, Bisco 

Inc., Schaumburg, IL) by first applying an acid etchant (Etch Gel 40%, Henry-Schein 

Inc., Melville, NY) and a dentin bonding agent (Optibond sds, Kerr, Orange, CA). All 

resins were photopolymerized using a conventional light-curing unit (Optilux 501, 

Demotron/Kerr Danbury, CT). 

Next, a plastic rod was ~ttached to the occlusal s~face of the teeth in order to . 

suspend them in a temperature-controlled water bath. First the plastic dowel surface was 

roughened and a conditioner and dentin bonding agent was applied to the dowel end and 

occlusal tooth surface according to the manufacture' s recommendations. The tooth and 
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dowel where etched, rinsed, dried, and then bonded together with flowable composite 

resin in the same fashion as described above. · P~epared teeth were stored in 0.2% thymol 

solution until they were ready for use in the·experiment. 

Measurement of Temperature Rise 

As outlined in the schematic in Figure 4, the embedded thermocouple output was 

attached to an electronic cold junction compensator (model MCJ-K, Omega Engineering 

Inc.) that referenced the electronic signal coming from the thermocouple to an electronic 

"ice-point". The signal was then connected to an analog-to-digital converter (SMAD, 

MorganKennedy Research, Cambridge, Massachusetts). The digitized signal was stored 

with respect to time on a computer (Macintosh SE, Macintosh, Cupertino, California) 

using software simulating an electronic strip-chart recorder (MacChrom, version 2.02, 

MorganKennedy Research). Using standard K-type thermocouple conversion tables 

(Omega, 1991), the recorded millivoltage data were converted into intrapulpal 

temperature values using a spreadsheet program (Excel version 6.0, Microsoft Corp., 

Redmond, WA). 
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Figure 4: Schematic for electronic temperature measurement 



Figure 4 
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Simulated Intrapulpal Circulation 

An infusion pump (infusion/withdrawal pump, model 600-900, multispeed 

transmission, Harvard Apparatus Company, Dover, Massachusetts) was attached to one 

root apex through f1exible tubing to produce fluid circulation in the pulp chamber 

simulating the microcirculation of a vital tooth. The palatal root of each tooth was 

enlarged using a Hedstrom file (Moyco Union Broach, York, PA) until the end of an IV 

catheter needle (no. 4492, Butterfly 21 X ¾ 12" Tubing infusion set, Abbott Laboratories, 

North Chicago, IL) could enter the root _without binding. Care was taken not to over

enlarge the root canal causing the catheter needle to fit too loosely. The stainless steel, . 

catheter ends of the IV tubing were attached to· tooth root apices with flowable composite 

(AELITE.FLOW, Bisco) after conditioning the root surface with acid etchant (Etch Gel 

40%, Henry-Schein Inc.) rinsing with water, drying, and placing a bonding agent 

(Optibond). The other end of the tubing was connected to a 30-ml syringe placed in an 

infusion pump. The pump was adjusted to provide water at 0.0123ml /min, similar to the 

known intrap:ulpal blood (PB) flow rate, assuming the coronal pulp chamber volume is 

0.025 mL (Ki~, 1985a). Calcul~tion <;>f pulpalblood fl~w_was made as follows: 

Given lgm = 1 ml ofH2O 

The pulpal volume was determined to be 0.025 ml or 0.025 gm 

PB Flow= 
•. 

50 ml = 0.50 ml ::;:: 0.50 ml x 0.025 gni pulp tissue= 0.0125 ml/min (3) 
min /1 00gm min/.l gm min/ Igm 

The teeth were suspended in a temperature-controlled water bath during the course_ of the 
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experiment to yield a baseline intrapulpal temperature ranging from 32° to 34° C. This 

range corresponds to normal, in vivo intrapulpal values (Bergstrom & Varga, 1971). As 

outlined in Figure 5, water flowed from_ the infusion pump into one of the roots of the 

bicuspid. The tubing ran through the water bath prior to entering the root, allowing the 

fluid to heat prior to entering the pulp. Water circulated inside the pulp chamber and 

exited via the other root into the waterbath. 
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Figure 5: Schematic diagram to allow the intrapulpal temperature measurement of 

premolars 



Figure 5 
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Determination of curing light intensities 

Four levels of power density were utilized in this study to represent the values of 

various curing unit types currently on the market. These units are the quartz-tungsten 

halogen (QTH) light (used in the conventional and in the high intensity modes), a 

plasma-arc curing (PAC) light, and a light emitting diode (LED). Since it is impossible 

for the QTH and LED lights to attain similar total energy levels as the PAC lights, 

appropriate neutral density filters (Corion Corporation, Holliston, Massachusetts) were 

used to attenuate the radiant energy of the PAC light (Plasma Arc II, Air Techniques Inc., 

Hicksville, NY), so that an equal energy output was attained. The spectral power . 

emission of the PAC light alone and through each of.the attenuating filters, when using a 

10 s exposure, was measured using a laboratory grade spectral radiometer (DAS 2100, 

LabSphere, Sutton, New Hampshire). The spectral irradiance (mWatts/nm) produced at 

each 0.25 nm wavelength was measured between 350 and 550 nm. Data was co~verted 

to spreadsheet format (Excel version 6.0 , Microsoft Corp.) and the spectral power 

distribution was rounded to the nearest 1.0 nm for the entire visible spectrum and stored. 

The area under each spectral em1ssion profile was integrated to derive the total emitted 

power. 

The light transmittance for each filter type was calculated from the data collected. 

The different transmittance levels measured were as follows: · no filter 100% 

transmittance, filter A 76% transmittance, filter B 53% transmittance, filter C 33% 

transmittance, and filter D 18% transmittance. From these values no filter, filters B, C, 

and D were selected because they attenuated energy from.the PAC light to levels similar 

to that of QTH (high and low intensity) lights and a LED unit respectively. Figure 6 
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shows light attenuation profiles for the PAC light itself, and when using the various 

neutral density filters. 

Creation of Discrete and Total Energy Levels 

The spectral radiometer measured the irradiance level (mW) for a defined spectral 

range of 350 nm to 550 nm. Equal total energy levels were calculated by applying the 

measured power levels observed using the various attentuations (100% T, 53% T 33%T 

and 18% T) for corresponding exposure durations (see equation #2). The manufacturer 

recommends a 10-s exposure to adequately polymerize 2 mm-thick increments of 

composite when using an unfiltered unit. Using this recommended exposure, the total 

energy measured for the no filter condition resulted in 7,714 mJ of energy. Table 1 lists 

the exposure durations that were calculated for the three neutral density filters (55% T, 

33%T and 18% T) that would provide equal energy levels (7,714 mJ), resulting in 18, 

30, and 55 seconds respectively. These results are listed in Table 2. Filter A was not 

selected for use because its resultant light energy level could not be correlated to a unit 

currently on the market. 
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Table 2 

Equivalence of attenuated light intensities with levels commonly observed from a variety 

of different types of light-curing units 

FILTER B 53 1178 HIGH INTENSITY QTH 

FILTER C 33 729 CONVENTIONAL QTH 

FILTER D 18 399 LOW INTENSITY 0TH 

*Gray area indicates filter type not used because resultant energy level 

does not correlate to a light-curing unit currently on the market 
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Application of Discrete Energy Levels 

Applications of different irradiant. energy values was made to examine the effect 

of incremental energy dosage on. intrapulpal temperature. This was a~complished by 

halving and doubling the standard, 10-s exposure duration when using no filter (5 s, 10 ·s, 

and 20 s). The resulting en~rgy applications were 3,87i mJ,:7,741 mJ, and 15,482 mJ for 

the 5 s, 10 s, and 20 s exposures respectively. 

To assure that the power output of the PAC light did not. diminish during the 

ranges of exposure durations used in this study ( 5 to 5 5 s ), the power profiles over such 

exposure times were evaluated. This goal was accomplished by using a hand-held curing 

radiometer (model 100, Demetron Research Corp., Danbury, CT) and placing the neutral 

density filter over the aperture and exposing the PAC light for 5 or 55 s for No Filter, 

Filter B, Filter C, and Filter D. The radiometer was connected to an analog-to-digital 

converter (SMAD, MorganKennedy Research). The digital signal was then stored with 

respect to time on a computer (Macintosh SE, Apple Computer) using software 

(MacChrom, version 2.02, MorganKennedy Research). The resultant peaks were 

integrated for each exposure and showed no degradation in the light intensity during the 

exposure duration for any of the filters. 

Measurement of preparation depths 

The intrapulpal temperature was measured using a thermocouple on the facial 

wall of the pulp chamber as the thickness of tooth structur~ was decreased in simulation 

of preparing a Class V preparation of various depths. Four levels of tooth structure 

depths were measured: the intact tooth, conservative preparation (0.5 mm into dentin), 
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deep (1.0 mm into dentin), and close to the pulp (1.5 mm into dentin). A modified Class 

V preparation, with divergent walls, was made on the midfacial coronal area of the 

premolar using a modified carbide bur (#171, Midwest Dental Products Corp.) producing 

precise cuts into the tooth surface with a high-speed handpiece. The flutes of each bur 

were removed using a diamond disk so that a cutting surface of 0.5, 1.0, or 1.5 mm 

remained on the burs. The outline of the Class V preparatipn was evaluated 

radiographically by placing a piece of lead foil with the outline design of the preparation 

on the facial surface of the tooth. The foil was temporarily secured to the tooth surface 

using petroleum jelly and the system was radiographed mesiodistally as well as 

occlusally to verify the centering of the preparation over the the~ocouple, as shown in 

Figure 7. A stint was fabricated of lead foil and cu.t out similar to the final dimension of 

the Class V preparation· so that the exact outline · size could be reproduced on both teeth. 

The dimensions of the Class V preparation were as follows: 5 mm in length from the 

mesial to distal and at the occlusal margin, 4 mm mesial -to distal at the _gingival margin, , 

and 3 mm in the occlusal-girigival height. The preparation was purposefully made to 

have divergent walls so that subsequently· placed light-cured resin composite could be 

easily removed in one piece like an inlayo The stint was placed on both premolars and the 

Class V preparation outline was traced with an indelible ink marker. 

Enamel was removed until the DEJ was reached, and the #171 bur that was 

defluted to provide only 0.5 mm cutting. depth was used to carefully remove the dentin. 

The thickness of the remaining tooth structure, from the base of the preparation to the 

facial pulp chamber wall, was evaluated radiographically from two different angles by 

incorporating an orthodontic wire of a known dimension in the radiographic image. The 
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Figure 7: Foil placement for verification of Class V preparation over the thermocouple 

(I'ooth #1) 



Figure 7 
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peak intrapulpal temperature at each preparation depth was measured using the four 

constant energy exposures· ~nd three discrete energy levels. Thi~ process was repeated 

l . . 

for cavity prep·arati~m depths of 1.0 mm and 1.5mm into dentin. This procedure was 

designed to determine the insulation· properties of remaining dentin from exposure to the 

light curing unit, and if the temperature rise can be predicted from the remaining dentin 

thickness. 

Placement and in situ curing of resin composite and re-exposure 

The Class V preparation was lined with a silicon-based separating medium (part 

no. S630, Snap, Pennzoil-Quaker State_ Co, Houston TX) to facilitate removal of the 

cured composite. The composite (Prodigy A2 shade, part 31211, F-lot # 011804, Kerr 

Corp., Orange CA) was placed in one increment to bring the restoration to proper facial 

contour. Intrapulpal temperature measurements were made to measure the empty 

preparation as well as when the preparation ·was filled with uncured composite for equal 

total energy applications of 10-s, 19-s, 30-s, and 55-s exposures using no filter, filter B, 

filter C, and filter D • respectively. Peak intrapulpal temperature resulting from the 

exothermic polymerization reaction was calculated by subtracting the peak t~mperature 

observed during initial composite exposure, from that of a similar exposure performed on 

the cured composite. The temperature rise resulting from this re-exposure represents that 

generated from only exposure of the light unit itself. The cured composite was removed 

by attaching and polymerizing a small amount of composite to th~ facial surface of the 
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restoration, providing an attachment that could be grasped to dislodge the restoration 

from the Class V preparation. 
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III. RESULTS 

Equivalence of temperature rise between teeth 

Comparison of a wide range of parameters for Tooth #1 and Tooth #2 is 

summarized in Table 3. In order to assure equivalent responses between the two test 

teeth, the temperature rise observed when applying either all the variations of total energy 

applications, or discrete levels was examined in the intact tooth. A one-way ANOV A 

was performed on temperature rise values for each of the four constant energy methods 

for both teeth. In tooth # 1, there was a significant difference among temperature values 

(p = 0.0008), but for tooth #2 no significant difference was noted (p = 0.0703) although 

the difference approached statistical significance. Linear regression analysis was 

performed to observe the peak temperature rise as a function of application of discrete 

amounts of energy using of 5, 10, and 20 s exposures on each tooth. This analysis 

indicated significant correlation between the two parameters for each tooth, although the 

~· slopes for both teeth were significantly different; that for tooth # 1 being greater than for 

tooth #2. Using a 10. s exposure, the peak intr~pulpal temperature rise for tooth #2 was 

significantly greater (p = 0.001) (4.7 ± 0.3°C) than for tooth #1 (4.0 ± OJ °C). When all 

peak temperature rise values for each constant energy application were averaged for each 

tooth, the average for tooth #1 (1.5 ± 0.1°C) was lower than for tooth #2 (5.0± 0.3° C). 

Comparing tooth dimensions in figure 8, from: radiographic images indicated that tooth 

#1 was slightly smaller in enamel/dentin thickness (3.03 mm) than tooth #2 (3.32 mm) 

and tooth #1 was narrower bucco-lingually (9.04 mm) than tooth #2 {9.44 mm). This 

imaging also revealed that the thermocouple placement between the two teeth differed 
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slightly. Because of the differences noted between the two teeth,,it was decided to pool 

the subsequent data from the two teeth so that experimental data better reflected the 

average of natural variation. 
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Figure 8 Intact Tooth #i and Tooth #2 with Thermocouple Placement 



Figure 8 
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Table 3 

Analysis of peak temperature rise for intact teeth when using 

the total energy concept and also the application of discrete energy levels 

Tooth Straight against 4.0 
NO 0.99 Lower 4.5 0.11 5.8 3.03 5.8 

#1 tooth ±0.1 

Tooth 2.488 4.7 
YES 0.993 Bent tip pulp horn Higher 5.0 0.3 6.3 3.32 6.3 

#2 (2.361-2.615 ±0.3 
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Peak temperature rise with applications of similar total energy 

Temperature rise in empty preparations and intact teeth 

Figure 9 presents data from use of the various methods of applying similar total 

energy, and the r~sulting peak intrapulpal temperature in the intact teeth, as well as when 

a series o_f increasingly deep preparations were made. 

For the intact tooth, use of either no filter or filter B produced equivalent values ( 4.4 °C 

rise), but these were significantly less than the use of filter C or D (p = 0.0004), (5.0°C 

and5.1 °C, respectively). At a preparation depth simulating a conservative Class V 

preparation ( shallow preparation with a 2.1 mm RDT) use of filters B and D were 

equivalent in effect, but the lack of a filter produced a greater temperature rise ( 6.6 ± 

1.1 °C). At a preparation depth simulating a medium depth value (medium preparation 

with a 1 .40 mm RDT), all temperature values were significantly different (p = 0.0001 ), 

except use of filter C and D. Again, use ofno filter yielded the highest temperature rise 

(8-.3°C). When simulating a deep Class V preparation (deep preparation with a 0.74 mm 

RDT), all methods of constant energy application produced significantly different values 

(p = 0.0001), except those between filters C and Das with the medium depth preparation. 

Application oflight with no filter produced the greatest temperature rise (10.3 ± l.8°C). 

In order to determine the relationship between tooth thickness ( or RDT) and the 

peak intrapulpal temperature (IPT) rise for the various constant energy applications, a 
' . ' , 

series of linear regression models were applied. The results o:f this analysis are. seen in 

Table 4. Use oflight with no filter produced the· greatest rate of temperature change with 

depth (slope= -2.287), and the data fit the experimental model weH (r2 "= 0.987). The rate 

of IPT chang~ with loss of tooth struc~e was shown to be less when applying light with 
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filter B (slope= -1.356) .. Again, ·experimental data fit the linear model well (r2 = 0.989). 

When using either filter C or D in the total energy method there was no significant 

correlation between ·peak intrapulpal temperature rise and loss of tooth structure, as the 

95% confidence interval for both slopes transgressed ze~o as a possible value. 
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Figure 9 Linear regression of intact and prepared teeth: Effect of tooth thickness on 

peak intrapulpal temperature with different filters applying the same constant energy 
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Table4 

Statistical analysis of tooth thickness (x in mm) and peak intrapulpal temperature (j, 

in ° C) for different filters using constant energy applications 

NO Fl L TER y =-2.287x + 11. 702 0.987 0.0066 -3.089 to -1.485 

FILTERS y=-1.356x+8.726 0.984 0.0079 -1.879 to -0.833 

FILTER C ' , y = ~0.404x + 6.485 0.758 0.1286 -1.1 to 0.291 

FILTER D y =-0.062x + 5.191 0.033 0.817 -1.074 to 0.95 
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Peak temperature rises associated with various stages of restoration 

A) Constant energy application using no filter, 10-s exposure 

Figure 10 presents peak intrapulpal temperature rise recorded when using the 

above-mentioned constant energy scenario with respect to decreasing remaining tooth 

thickness. With each preparation dept4, a orte-way ANOV A was performed to observe 

significant differences among the restorative treatments. At the shallow depth, the 

temperature rise recorded for the empty preparation and that when placing the composite 

were the highest (6.6 ± 1_.1 ° C, 6.2 ± 0.5° C respectively) and significantly different (p 

=0.0001) from the other two treatments. The lowest rise was associated with the 

difference between curing and cured composite (1.1 ± 0.2° C). In the medium and deep 

preparations, all temperature rise values associated with the simulated restorative 

treatments were both significantly different (p = 0.0001). The order of treatments 

corresponding to temperature rise remained constant: empty preparation > re-exposure > 

difference. Temperature rise values of the intact teeth were almost similar to those 

observed when re-exposing the restored tooth in all except the shallow preparation (p = 

0.0278) due to a small temperature variation between tooth #1 and tooth #2. The 

absolute value of the temperature difference for Tooth #2 was 0.6 ° C higher than Tooth 

1. Linear regression analysis of the relationship between peak temperature rise and 

remaining tooth structure for each type of restorative treatment did not fit the model well 

(r2 values ranging from 0.700 to 0.071) and is found in Table 5. However, there were 

significant negative correlations between remaining tooth thickness and peak temperature 

for the empty tooth model (p = 0.0001), for composite curing (p = 0.0371), and for the 

difference (p = 0.0001 ). Re-exposure treatments were not significantly correlated with 
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the remaining tooth thickness (p value of slope= 0.1533), and the 95% confidence 

interval of the slope_ included zero as a possible value. 
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Figure 10 Correlation between remaining tooth thickness and peak temperature rise 

when using the constant energy application of No Filter and a 10-second exposure 
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Table 5 

Linear regression analysis of remaining tooth thickness(x in mm) and peak intrapulpal 

temperature (y in °C) as a function of tooth thickness for the different filters using a 

constant energy application exposure with no Filter 

EMPTY y = -2.629x + 12.106 0.529 0.0001 -3.590 to -1.669 

CURING 

COMPOSITE 
, y = -0.436x + 7 .073 0.146 0.0371 -0.844 to -0.028 

RE-EXPOSURE y = 0.26x + 4.543 0.071 0.1533 -0.103 to 0.561 

DIFFERENCE y = -709x + 2.542 0.700 0.0001 -0.888 to -0.529 
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B Constant energy application of filter B, 19-s exposure duration 

Figure 11 shows peak intrapulpal temperature rise measured using the above 

mentioned constant energy condition. With each preparation depth, a one-way analyses 

of variance was performed to determine the presence of significant differences among the 

different restorative procedures. .As with the no filter scenario, the highest peak 

intrapulpal temperature was obtained from the empty preparations (7.8 ± 0.9° C for the 

deep preparations). The lowest intrapulpal temperature rise was ~ecorded for the thermal 

energy produced by the exothermic curing reaction ( curing - cured composite difference) 

for the shallow preparations (5.6 ± 0.8° C). Temperature rise for the simulated 

restorative treatments were significantly different for the deep and medium preparations 

(both p = 0.0001) with the deep resulting in higher value. The empty preparations 

produced the highest maxim~ intrapulpal temperature rise followed by the curing 

composite, cured composite re-exposure, and curing - cured composite difference 

calculations. The temperature rise between the different treatment scenarios was 

examined using Tukey- Kramer test using a preset a of 0.05. Temperature rise 

associated with empty preparation, curing composite, and the difference calculation 

treatment scenarios showed a significant pe·ak intrapulpal temperature rise (p< 0.05) 

except for that obtained for the shallow empty preparations (6.9 ± 1.1 ° C) and curing 

composite restorative procedure (5.9 ± 0.7° C) (p>0.05). The re-exposure treatment was 

similar to the peak intrapulpal temperature rise obtained by the intact tooth (p = 0.1653) 

for all prepru;ation depths. 

I 

Table 6 represents the results of linear regression analysis of the relationship 
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between remaining tooth structure, maximum intrapulpal temperature rise, and the 

simulated ·restorative procedures. The r2 values range from 0.006 to 0.469 indicating a 

poor fit of data to the linear model. The analysis does show a significant relationship 

between the empty preparations (p = 0.0001), composite curing (p = 0.0309), and the 

difference calculation (p = 0.0001). Only the temperature rise from composite re

exposure was found to be not correlated with RD1' (p = 0.6927) and the 95% confidence 

interval for the slope contained zero. This result indicates that the peak intrapulpal 

temperature rise was not related_to the remaining tooth thickness f~r this parameter. 
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Figure 11 Correlation between remaining tooth thickness and peak temperature rise 

when using the constant energy application of Filter B and a 19-second exposure 
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Table 6 

Linear regression analysis of remaining tooth thickness(x in mm) and peak intrapulpal 

temperature rise (y in °C) for a constant energy application exposure through Filter B 

for 19- seconds 

EMPTY y =-1.497x + 8.87 0.434 0.0001 -2.159 to -0.835 

CURING 
y =-0.519x + 6.903 0.156 0.0309 -0.986 to -0.051 

COMPOSITE 

RE-EXPOSURE y = 0.74x + 4.705 0.006 0.6927 -0.307 to 0.456 

DIFFERENCE y =-607x + 2.215 0.469 0.0001 -0.857 to -0.357 
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C) Constant energy application of filter C, 30-s exposure duration 

Figure 12 demonstrates the maximum intrapulpal temperature rise recorded using 

the above condition. ·within each preparation depth, a one-way ANOV A was carried out 

to determine the relationship among the various preparation depths and restorative 

procedures. The overall trend was similar to those seen using no filter and filter B with 

empty preparations producing high intrapulpal temperatures (p = 0.0001), and within this 

condition, the deep preparatioriproduced the highesttemper~ture rise (6.6 ± 0.7° C). The 

lowest intrapulpal temperatures were produc(?d by the difference in the curing - cured 

composite exposures (~he e?(oth~rinic heat of polymerization).· Within _this condition, the 

. : 

lowest mean temperature (0.8 ± 0.3 ° C) was recorded for the shallow preparation. The 

temperature rise comparison was performed betwe~n the different treatment scenarios 

using Tukey -Kramer post hoc with a pr~set q, of 0.05. All of the preparatipn depths and 

testing scenarios demonstrated a significant intrapulpal temperature rise (p <_ 0.05), 

except.for the curing composite and the empty preparation (p>0.05). However, at the 

medium preparation depth no signif_icant difference (p < 0.05) was observed between the 

cured and curing composite conditions. The intrapulpal temperature rises produced for 

the different remaining tooth thicknesses (shallow, medium and deep) were not 

significantly different from that of the intact tooth (p = 0.1511). 

Table 7 presents linear regression analysis of peak intrapulpal temperature rise as 

a function of remaining tooth thickn~ss and different restorative scenarios wheri using the 

constant energy applications resulting from filter C. The data do not fit the regression 

formula well as indicated by the R2 values listed (0.017 to 0~538). The 95% confidence 
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interval contains zero for the empty preparations, curing composite, and cured composite 

re-exposure conditions, indicating a lack of correlation between the maximum intrapulpal 

temperature ·rise and remaining tooth structure. Only the intrapulpal temperature rise 

produced by the curing exotherm ( the difference between the curing and cured 

composite) demonstrated a correlation between the maximum intrapulpal temperature 

rise and remaining tooth structure. 
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Figure 12 Correlation between remaining tooth thickness and peak temperature rise 

when using the constant energy application of Filter C and a 30-second exposure 
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Table 7 

Linear regressi~n analysis of remaining tooth thickn~ss (x in mm) and peak intrapulpal 

temperature rise (y in °C) for a constant en~rgy application exposure through Filter C 

for 30- seconds 

EMPTY y =-0.232x + 6.275 0.033 0.3388 -0.722 to 0.257 

CURING 
y = -0.287x + 5.926 0.037 0.3105 -0.857 to 0.287 

COMPOSITE 

RE-EXPOSURE y = 0.146x + 4.434 0.017 0.4939 -0.285 to 0.576 

DIFFERENCE y =-0.65lx + 1.733 0.528 0.0001 -0.651 to -0.302 
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D) Constant energy application of filter D, 55-s exposure duration 

Figure 13 demonstrates the maximum intrapulpal temperature rise recorded using 

a constant energy application with filter D: a 55-s exposure duration. ~tatistical analysis 

using one-way ANOVA was carried out to determine the relationship among the various 

preparation depths and restorative procedures or peak intrapulpal temperature rise. The 

highest intrapulpal temperature was· the result of the curing composite tooth condition, 

with the greatest -temperature (5.7 ± 0.5° C) observed in for the deep preparation (p = 

0.0001 ). The lowest temperature rise was recorded for the difference calculation in the 

shallow preparations (0.8 ± 0.5° C). For each preparation depth, peak te~perature rises 

using the empty and curing conditions were equivalent, as were values when comparing 

the empty and re-exposure conditions. However, for the deep preparation, the scenario 

for the empty preparation was approximately 1 ° C higher than that of the re-exposure at 

all preparation depths. The temperature rise was significantly greater for the curing 

composite condition compared to that oftl)e re-exposure (p=0.0001). The difference 

calculation was the only treatment condition that was significantly lower than all other 

treatment conditions (p = 0~0001) at all preparation depths. When comparing peak 

intrapulpal temperature rise for the intact tooth and that of the composite re-exposure, 

temperature· values were similar at all preparation depths except for the medium 

preparation, which was significantly lower (p = 0.0008). Unlike previous restorative 

conditions, the peak temperature rise for the intact tooth was similar to that of the empty 

preparation and of the curing composite scenarios (p = 0.0034 and p = 0.0131, 

respectively). 
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Linear regression analysis presented in Table 8 lists r2 values that show a poor 

correlation between intrapulpal temperature as a function of remaining tooth structure. 

The 95% confidence intervals of the slopes and the slope p values •did not demonstrate 

statistical significance for any of the treatment conditions. 
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Figure 13 Correlation benveen remaining tooth thickness and peak intrapulpal 

temperature rise when using the constant energy application of Filter D and 55-

second exposure 
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Table 8 

Statistical Analysis of remaining tooth thickness (x in mm) and intrapulpal temperature (y 

in °C) for the different filters using a constant energy appiication exposure through 

Filter D for 55-seconds 

EMPTY y =-0.328x + 5.537 · 0.087 0.1134 -0.739 to 0.083' 

CURING 

COMPOSITE 
y = -0.419x + 5.349 0.001 0.8798 -0.419 to 0.486 

RE-EXPOSURE y=0.227x +4.149 0.036 0.314 -0.227 to 0.681 

DIFFERENCE y =-0.194x + 1.198 0.077 0.1375 -0.455 to 0.066 
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Summary of statistical treatments of constant energy conditions 

Table 9 summarizes the statistical analyses of the different filters with respect to 

remaining tooth structure for the different conditions used to apply the same total energy 

(10 s, 19 s, 30 s, and 55 s exposures). In general, for the higher light intensities (no filter 

and filter B) of shorter exposure duration, the maximum intrapulpal temperature rise was 

found to be a function of tooth thickness for the empty preparation and for the composite 

curing scenarios (S). However, for the lower intensities (:~ilters C and D) and longer 

exposure dt:1rations, maximum intrapulpal temperature correlated with remaining tooth 

thickness (N). The intrapulpal temperature resulting from re-exposure of the cured 

composite was found to be independent of tooth thickness. This value represented the 

heat-producing effect from exposure to just the light source on the restored tooth. The 

exothermic heat produced by composite polymerization was calculated as the difference 

between the intrapulpal temperature produced during composite cure and the subsequent 

re-exposure of the polymerized restoration. The temperature rise r~sulting from the 

curing exotherm was a function of tooth thickness, except for use of filter D, the lowest 

light intensity, longest exposure condition. 
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Table 9 

Correlation between /PT rise of a simulated restorative scenario and remaining tooth 

structure 

NO FILTER (10-s) s s N s 
FILTER B (19-s) s s N s 
FILTER C (30-s) N N N s 
FILTER D (55-s)· N N N N 

S = Correlation 

N = No significant correlation 
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Temperature rise from application of discrete energy levels 

The standard 10-s PAC light expo~ure produced 7,742 mJ, the 5-s exposure 

yielded 3,871 mJ, and 20 s exposure generated 15,484 mJ. The data from Figure 14 

represents peak intrapulpal temperature values when the different exposure durations 

were applied to the outer enamel surface of an intact tooth, _or the dentin surface of the 

three preparation depths: shallow, medium, and deep. At each energy level, a similar 

trend was observed: peak intrapulpal temperature increased as remaining tooth structure 

decrease~. Thus, the peak intrapulpal temperature rise was inversely proportional to the 

remaining tooth structure. At each level of tooth thiGkness, the order of peak temperature 

rise was similar: 20-s > 10-s > 5-s. 
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Figure 14: Effect of remaining tooth thickness and exposure duration on intrapulpal 

temperature rise with discrete amounts of energy 
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Table 10 summarizes the results of linear regression analysis using different 

discrete energy levels with respect to peak intrapulpal temperature· and remaining tooth 

thickness. In the intact tooth, the shallow preparation, and deep preparation conditions, 

peak IPT values were statistically equivalent between the 5- and 10-s exposures. 

However, these values were less than that of the 20-s application (p = 0.0001). For the 

medium preparation depth, peak IPT values were all significantly different from one 

another (p = 0.0001). 

The r2 values for the three linear regressions are low, indicating the data did not 

fully explain the prediction- ~odel. When comparing the ranges of the 95% confidence 

intervals of the linear slopes, it was found that the values overlap, indicating no statistical 

difference in the slopes of the three lines. The p-values of the individual slopes are alsQ 

highly significant, indicating. a significant correlation between tooth thickness and peak 

IPT rise for each of the three discrete energy levels applied. 
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Table 10 

Linear regression analysts· of the pea~ intrapulpal temperature rise (y in °C) for 

remaining tooth thickness (x in mm) values with respect to_ applications of 

discrete energy applications 

5 y = -1.139x + 7.553 0.391 0.0001 -1.606 to - 0.672 

10 y = -1.713x 10.248 0.482 0.0001 -2.297 to -1.130 

20 y = 0.227x + 4.149 0.227 0.0002 · -2.195 to - 0.540 
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Multiple regression analysis 

Multiple regression analysis was applied to the relationship between peak 

intrapulpal temperature rise and two independent variables: remaining tooth structure 

and exposure duration. The following equation represents the predictive model using 

remaining tooth thickness. in _mm (t) and exposure duration in seconds (d) to determine 

the peak intrapulpal temperature rise above baseline (IPT p)-

IPTp = 0.381d - l.407t + 6.037 (4) 

Comparing the ratio of the slopes in 'this analysis, it appears that remaining tooth 

thickness (t) is approximately 4 times more influential in contributing to peak intrapulpal 

temperature than is the exposure duration ( d). 
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IV DISCUSSION 

High intensity curing lights increase the efficacy of dental treatment. Since the 

introduction of more powerful curing lights, such as the plasma arc light, the exposure 

duration necessary to polymerize a composite has greatly diminished. The increased 

energy delivered by the curing lights increase the rate of polymerization and depth of 

cure thereby reducing exposure duration. As the number of complex posterior · 

composites that are being placed increases, the dental community has embraced the use 

of high intensity curing lights to reduce chairside time. One of the problems associated 

with the use of high intensity curing lights in the photopolymerization of composites is 

the heat generated during the procedure. 

With the advent of more powerful curing lights, the possibility to harm oral tissue 

has also increased. It has been demonstrated that blue light can impede mitotic cell 

division (Gorgidze et al., 1998). Zach and Cohen (1965) found that an intrapulpal 

temperature increase of 5.5° C · could cause irreversible cell damage. This was 

corroborated by Photo and Scheinen (1958) who demonstrated that irreversible cell 

damage begins at 42.5° C. Energy produced by various light intensities in the current 

study, resulted in intrapulpal temperatures that exceed the 5.5°C and therefore are 

potentially harmful. 

This experiment examined the influence. of different methods to apply a similar 

total energy application on the maximum intrapulpal temperature rise of two similar 

maxillary premolars. Total energy is defined as the product of the power output ( or 
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power density in mW/cm2
) multiplied by the exposure duration of the curing light as 

expressed in equation #2. 

Equivalence of temperature rise values between teeth 

The first hypothesis stated that, with similar teeth, the same maximum intrapulpal 

temperature rise will be observed when exposing· a tooth to all the variations of total 

energy applications and discrete energy levels to an intact tooth. This hypothesis was 

rejected. Two maxillary human first premolars were selected from the same individual in 

order to examine the effect of light energy on two similar teeth. As indicated in the 

results section Table 3, for tooth #1, there was a significant difference among temperature 

rise values (p = 0.0008) of the four constant energy methods .. However, for tooth #2 no 

significant differences were noted (p = 0.0703). Linear regression analysis indicated 

significant correlation between peak temperature rise and discrete amounts of energy 

through use of 5-, 10-, and 20-s exposures for each tooth. However, the slopes for the 

two teeth were significantly different; that for tooth #1 being greater than for tooth #2. 

Thus, the intrapulpal temperature measurements for the two premolars were not _equal for 

the same amount of total and discrete energies. 

Tooth morphology, thermocouple placement, thermocouple junction size, and 

light source distance to the thermocouple may explain variations in the maximum 

intrapulpal temperature. Other possible explanations may be that slight variations in 

tooth morphology and dentin structure account for a biological variation even though the 

teeth. were obtained from the same individual. The thermocouple placement was slightly 

different in Tooth #2; the temperature probe was along the facial pulpal wall and in the 
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pulp horn and in Tooth #1 the junction was m the mid-facial pulpal wall. The 

thermocouple junction size was also different between the two teeth. The junction for 

tooth #1 was small comp~ed to the longer "L" shaped junction of tooth #2, possibly 

allowing for a greater contact area between tooth and thermocouple. The enamel/dentin 

and total bucco-lingual dimensions were determined from a radiographic images and a 

difference was also noted between the two teeth: Tooth #2 was slightly larger than Tooth 

# 1. As a result of these differences between the two teeth, it was decided to pool the 

subsequent data so that it represented in.ore of an average of natural variation. 

Peak temperature rise with application of similar total energies 

The second ·hypothesis, which states that when applying a constant energy at 

similar remaining tooth thickness the intrapulpal temperature rise will be equal, also was 

not proven. The data presented in Figure 9 and Table. 4 represent the intrapulpal 

temperature rise obtained using different methods of applying the same total energy. 

From the graph in Figure 8, four distinct lines are visible for each of the different 

constant energy scenarios. At each of the preparation depths and in the intact tooth, 

different peak intrapulpal temperature was observed. Possible explanations for the non

equivalence in temperature may be related to thermal properties of the tooth, the main 

ones being thermal diffusivity and thermal conductivity. Thermal diffusivity describes 

the rate at which a body with a non-uniform temperature approaches equilibrium (Craig 

& Powers, 2002). As the light intensity decreased and the exposure duration increased to 

generate the specific applied energy, the tooth was allowed more time to reach thermal 

equilibrium with its environment. Air convection, microcirculation, and the temperature 
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of the waterbath all influence the thermal tooth environment. In addition, as the too~ 

became warmer than the surrounding environment, heat energy was transferred to the 

cooler systems: air, water, and pulpal circulation. 

The resulting peak intrapulpal temperature was measured in the intact teeth as 

well as in a series of increasingly deep preparations, as shown in Figure 9. In general, as 

the remaining tooth thickness decreased, the peak intrapulpal temperature increased. 

The results of the linear regression models of this analysis are seen in Table 4. 

Use of the no filter condition produced the greater rate of temperature change with depth 

(slope= -2.287), and the data fit the experimental model well (r2 = 0.987). The rate of 

intrapulpal temperature change with loss of tooth structure are shown to be less when 

applying light using filter B (slope= -1.356). Again, experimental data fit the linear 

model well (r2 = 0.989). When using either filter C or· D total energy method, there was 

no significant correlation between intrapulpal temperature rise and loss of tooth structure, 

as the 95% confidence interval for both slopes transgressed zero as a possible slope. 

An explanation may be that as the light intensity-decreased· and the exposure duration 

increased to generate the specific applied· energy, the tooth was allowed more time to_ 

reach thermal .equilibrium with its environment. In-addition, the tate of heat loss by the 

tooth may have been greater than the rate of intrapulpal temperature increase due to the 

loss of tooth structure. 

Peak intrapulpal temperature measurements for this experiment were obtained 

from the facial wall of the pulp chamber and did not take into account the overall 

temperature rise of the tooth. The intrapulpal temperatures generated from specific. 

applied energies were measured in one specific area inside the pulp chamber, the 
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midfacial pulpal wall. Temperature measurements were not made either elsewhere in the 

pulp chamber or on the tooth. At the higher light intensities of shorter exposure duration 

(no filter and filter B) a "hot spot" was generated at the thermocouple but because of the 

shorter exposure duration the diffusivity, the rate at which a body with a non-uniform 

temperature approaches equilibrium, did not have the time necessary to heat other areas 

of the tooth. The total applied energy generated by the lower light intensities ( filters C 

and D ), may have had more time to heat the tooth at long exposure durations through 

diffusivity of the tooth structure. With other thermocouple placements, one may have 

been able to demonstrate a uniform peak intrapulpal temperature rise with the longer 

exposure durations compared to the shorter exposure durations throughout the pulp 

chamber. 

From the data, the following observations could be made: 

1. As the thickness of tooth structure decreased, intrapulpal temperature increased 

for each of the energy applications. 

2. The highest intrapulpal temperature was observed with the higher light intensities 

with shorter exposure duration for the prepared teeth. 

3. None of the total energy scenarios produced the same intrapulpal temperature or 

resulted in the same linear regression equation with respect to preparation depth. 

The peak intrapulpal temperature rise ~sociated with various stages of restoration 

The third hypothesis states that by using a constant total energy at similar tooth 

thicknesses, the addition of composite will :reduce intrapulpal temperature rise, was not 
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proven. In general, for the higher light intensities of shorter exposure duration (no filter 

and filter B scenarios), maximum intrapulpal temperature rise was found to be reduced by 

the addition of composite at similar tooth thickness when compared to the empty · 

preparation. using filter B in a shallow preparation( s ), with the addition of composite 

produced a higher peak intrapulpal temperature than that of the empty preparation (5.9 _± 

0.4° C and 5.6 ± 0.6° C, respectively), these results were found not to be_ significant (p >-

0.05). For -fue lowest intensity and longest exposure duration (filter D), maximum 
. ' . 

intrapulpal temperature was highe~ than that of the empty preparation for each remaining 

tooth thickness level. Statistically, the peak _intrapulpal temperature resulting from th~ 

empty and composite-curing scenarios were not significantly different for filter D (p = 

0.0131) The results are in accordance with a earlier study that reported a temperature rise 

of 8° C _in an empty preparation and a 9° C rise after curing a Class II composite (Goodis 

et al., 1990). The highest in1!"apulpal temperature rise found in the present work when 

exposing a curing composite (6.7 ± 0.5°C), was lower than the maximal amount observed 

by Goodis et al (1990) and those reported by another similar study that found a peak 

intrapulpal temperature rise of 7.8 ± 0.9° C (Hannig & Bott, 1999). 

Using no filter, filter Bin medium and deep preparations, and filter C, with the or 

to addition of composite did reduce . intrapulpal temperature when compared with the 

empty prep~ations for the same remaining tooth thickness. These results are in 

agreement with similar studie~ that found that the presence of a layer of posterior 

composite reduced the temperature transmitted from the light. However, the residual 

temperature rise · was still of such a magnitude as to cause concern regarding possible 

thermal injury to the pulp (Shortall &_ Harrington, 1998; Smail et al., 1988). Using filter 
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D, with the addition of composite increased the maximum intrapulpal temperature when 

compared to the empty preparation scenario for the same tooth thickness. The largest 

temperature difference was noted for the empty, shallow preparation with a peak 

intrapulpal temperature rise (5.1 ± 0.5 ° C) and ·curing composite (5.6 ± 0.6 b C). 

However, the values for intrapulpal temperature rise of the tooth resulting from the 

addition of composite, were not significantly different (p > 0.05) from those of the empty 

preparation. For filter D, a possible explanation may be that the longer exposure and the 

lower light intensity allowed the tooth more time to reach thermal equilibrium. 

The fourth experimental hypothesis, that at constant total energy and at similar 

remaining tooth thickness the intrapulpal temperature rise produced by the exothermic 

heat of composite curing is independent of methods used to apply the same total irradiant 

energy, was disproved. The exothermic heat produced by composite polymerization was 

· calculated as the difference between· the intrapulpal temperature produced during 

composite cure and the subsequent ·re-exposure of the polymerized restoration. The 

composite exotherm was found to increase as the bulk of composite increased with 

decreasing tooth thicknesses. This is in agreement with other studies. The exothermic 

heat of polymerization is due to the bond dissociation energy that is released during the 

conversion of carbon-carbon double bond to a single bond. The amount of heat that is 

released is a function of the number of carbon-carbon double bonds that undergo bond 

conversion and the extent of polymerization. The a common oligo~er used in dental 

composites is Bis-GMA or 2,2-BIS[p-(y-methacryloxy-~-hydroxypropoxy) phenyl] 

propane that contains two carbon double bonds one on eacp. ·end of the molecule that can 

undergo polymerization. Using differential scanning calorimetry (DSC) the heat of 
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polymerization for different monomers was determined using the following formula (Lee 

& Colby, 1986): 

H=AxTxExS 
w 

H = Heat of polymerization in cal/mg • 

A = Area of peak 

T=Time 

E = Constant 1.11 calculated form indium 

W = Weight in mg 

(5) 

The extent of polymerization and the change in temperature were calculated for a single 

carbon-carbon double bond or 52% of Bis-GMA was found to be 34.2 ± 1.2 cal/g 

(Antonucci & Toth, 1983). 

The intrapulpal temperature rise produced by the curing exotherm was a function 

of tooth thickness, except for the filter D scenario, where the lowest light intensity also 

~ad the longest exposure. A possible explanation for this finding may be that with the 

lower light intensity, the speed of the exothermic reaction of polymerization would allow 

the toot~ more tif!ie-to dissipate.the thermal energy through diffusivity. This assumption 

would be in agreement with another study reporting that the rate of the exothermic 

reaction of a photocured composite increased as the magnitude of the applied intensity 

increased (Masutani et al., 1988) .. -

The ·fifth hypothesis, that when applying a constant :energy at different thicknesses 

of remaining tooth structure, the intrapulpal temperature rise for a given level of applied 

energy will increase as the remaining tooth · structure decreases, was proven. The 

79 



intrapulpal temperature rise was found to be inversely · proportic>nal to the amount of 

remaining tooth structure. These results are in agreement with an earlier study (Goodis et 

al., 1989). · That study measured the tempe~ature rise recorded when six visible-light-cure 

lamps were tested for 20- and 60-second· exposure times. Four third molar teeth were 

sectioned and the el?-amel/dentin thicknesses between the mesial wall of the pulp chamber 

and the external en~el surface were measured (range 4.8-6.0 mm). The enamel/dentin 

thicknesses from the roof of the pulp chamber to the external enamel surface were 

measured (range 3.9 - 4.6 mm). A thermocouple was placed against the mesial pulpal 

wall, and two other thermocouples were placed on the external occlusal surface, in the 

central pit, and on the mesial marginal ridge. The teeth were reassembled and placed in a 

waterbath. The lights were positioned over the central pit and the distance to the tip of 

the light curing unit was approximately 2 mm. The peak intrapulpal temperature rise was 

found to ~e higher for the longer exposure duration ( 60 s ). · The intrapulpal temperature 

ranged between 0.8 and 3.0° C for the 60 s exposur~ of the various curing units tested. It 

was determined that the tooth with the thickest tooth structure afforded resulted in the 

lowest temperature· measurement. The present study effect of differed in that the curing 

light was positioned directly over the pulpal position of the thermocouple and that 

various preparation depths were made · to evaluate the different remaining dentin 

thicknesses. 

The limited increase in peak intrapulpal temperature is, among other things, a 

function of tooth structure that acts as thermal insulation. How well a substance acts as a 

thermal insulator depends on thermal conductivity of that substance. Thermal 

conductivity _of a material is defined as the K of a substance and is the quantity of heat (in 
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calories or joules per second) passing through a body 1 cm thick with a cross section of 

1 cm2 when the temperature difference is 1 ° C. Enamel and dentin, both have low thermal 

conductivity values that make them ideal insulators (Craig & Powers, 2002). When the 

thickness of these insulating materials is reduce,d, more thermal energy is allowed to 

reach the pulp, thereby increasing intrapulpal temperature. 

The sixth hypothesis states that, when constant total energy is appli~d to different 

remaining tooth thickness, the intrapulpal temperature rise from light re-exposure of the 

existing composite restoration will be greater for a deep restoration than for a· medium 

depth one, which in tum will be greater than that of · a shallow restoration. This 

hypothesis was ·not proven. The peak intrapulpal temperature rise for the re-exposure 

scenario was found not to correlate with the remaining toqth thickness, as shown in Table 

9. A possible explanation for this result may be that t~e. cured composite restoration may 

possess attenuating· effects similar to intact tooth structure. The findings of this study are 

similar to those of others that examined the thermal transfer of a QTH and PAC light 

through cured A 1 shade composite resin and two dentin dis.k thicknesses. These studies 

found that thicker dentin reduced temperature chang~ more than did thinner sections. 

(Loney & Price, 2001; Price et al., 2000). 

Application of discrete energy levels 

The seventh hypothesis states that with the application of discrete levels of energy 

at a given remaining tooth thickness, the resulting .peak intrapulpal temperature will 

increase as the total energy is inc~eased. This hypothesis was proven. 

The standard 10-s PAC light exposure produced 7,742 mJ, the 5-s exposure 
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yielded 3,871 mJ, and 20 s exposure generated 15,484 mJ. At each energy level, a 

similar trend was observed; peak intrapulpal temperature increased as the thickness of 

tooth structure decreased. Thus, the peak intrapulpal temperature rise was inversely 

proportional to the remaining tooth structure. At each· 1evel of tooth thickness, the order 

of peak temperature rise was similar: 20-s > 10-s·> 5-s. This finding is in agreement with 

another study using conventional curing lights and lasers (Powell et al., 1999). In that 

work, an increase in the intrapulpal temperature during the photocure of a Class V 

composite restoration was found as the exposure duration increased for either light 

soursce. The present experiment data also supports that of earlier findings, i.e. that the 

intrapulpal temperature increase depends on light intensity and exposure duration 

(Goodis et al., 1989; Goodis et al., 1990). 

The eighth hypothesis states that the peak intrapulpal temperature resulting from 

similar discrete levels of applied energy will increase as the remaining tooth thickness 

decreases, in a constant fashion. This hypothesis was also proven. Figure 14 indicates 

that for each discrete.energy level (exposure duration of 5-, 10-, and 20-s), the intrapulpal 

temperature increases with decreasing tooth thickness. From the linear regression 

analysis results in Table 10, the· increase in intrapulpal temperature correlates weakly 

with the tooth thickness as indicated by the r2 value (0.227 to 0.482). 
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V CONCLUSION 

Within the limitations of this study, the following conclusions may be drawn: 

1. The peak intrapulpal temperature rise produced in two similar premolar teeth 

using a similar level of constant energy, also and various discrete energy levels, 

was not equal. 

2. The peak intrapulpal temperatures produced by using different methods resulting· 

in the same constant total energy were not equal at similar remaining tooth 

thicknesses. 

3. When applying the same total irradiant energy at similar tooth thickness, the 

addition of composite reduced the intrapulpal temperature rise. 

4. The rise in intr~pulpal temperature resulting from the exothermic heat of 

polymerization was dependent upon the bulk of composite. 

5. When applying a constant irradiant energy at different remaining tooth thickness 

the rise in intrapulpal temperature for a given applied energy level increased· as 

the remaining tooth structure decreased. The intrapulpal temperature rise was 

inversely proportional to the amount of remaining tooth structure. 

6. Using a constant total irradiant energy at different remaining tooth thickness, the 

intrapulpal temperature resulting from re-exposure of a cured composite was 

independent of tooth thickness. 

7. When applying discrete levels of ·applied energy at a given remaining tooth 

thickness,· the peak intrapulpal temperature increased as the total applied energy 

increased. 
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8. The peak intrapulpal temperature when applying similar discrete levels of 

irradiant energy increased as the remaining tooth thickness de~reases in a constant 

fashion. 

9. Remaining tooth thickness is more influential on the peak intrapulpal temperature 

than the -~uration of exposure to light. 
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