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Abstract

Caries is a disease caused by decalcification due to organic acids such as lactic acid produced by
metabolism and degradation of sugar in a dental plaque on a tooth surface. Especially, root caries is a
dental disease that affects more than one in three persons in the geriatric population. In recent years,
a minimally invasive dental treatment for teeth corresponding to a concept of minimal intervention
was strongly desired. As a minimally invasive treatment, a caries selective removal had not been
achieved with the conventional microsecond-pulsed Er:YAG laser due to the thermal effect. In this
study, the possibility of the caries selective removal with nanosecond-pulsed Q-switched Er:YAG
laser satisfying the thermal confinement condition was suggested. However, the caries selective
removal could be possible with the dentin hardness as a caries status, and the methods to measure
dentin hardness have not existed for clinical use or been still qualitative. Therefore, this study
developed a dentin hardness measurement method to objectively and quantitatively evaluate the
activity and progress of root caries in a clinical setting. This technique was called “HAMILTOM.”
With the demonstration of HAMILTOM using bovine dentins with different demineralization times,
the correlation between the dentin hardness measured by HAMILTOM and measured by the Vickers
hardness tester was evaluated. Moreover, the mechanism of dentin hardness measurements and the
invasiveness to dentin were evaluated in this study in order to interpret the dentin hardness measured
by HAMILTOM physically.

Chapter 1 provided the background of caries and root caries. The trend of minimal intervention
for caries treatment was provided. To realize the philosophy of minimal intervention, the
significance of a treatment of selective removal for caries and a method to objectively and
quantitatively measure the dentin hardness to prevent unnecessary treatment were presented.

Chapter 2 provided the possibility of selective removal for caries with nanosecond-pulsed
O-switched Er:YAG laser at the wavelength of 2.94 um to develop a less-invasive laser caries
treatment using the laser. The characteristics of laser ablation to dentin slices were examined and
compared between the Q-switched Er:YAG laser with a pulse duration of 80-130 ns and the
free-running Er:YAG laser with a pulse duration of 200-300 ps without water spray. The results
confirmed that the ablation selectivity of the caries model was observed at a low peak power density
and the suppression of dental pulp necrosis due to the temperature increase by the laser irradiation
could be possible. However, in the clinical situation, the condition and the degree or progression of
caries are various, which suggested that the optimal condition of laser irradiation for each caries
could be unclear. The caries selective removal could be difficult to achieve in the clinical situation
without the information of dentin hardness.

Chapter 3 provided the proof of principle of the optical dentin hardness measuring device using

bovine dentin. In order to evaluate the activity and progress of caries in a clinical setting, an



objective and quantitative method to evaluate dentin hardness which can be used easily in the
clinical setting had to be established. In this study, the new device was proposed to easily measure
the hardness of in vivo teeth using a light-emitting diode. HAMILTOM quantified the hardness of
dentin from the contact projection area (dark area) between the indenter and dentin when the
indenter was pressed into the dentin. The results of the demonstration of HAMILTOM confirmed
that the correlation between the dark area and the Vickers hardness.

Chapter 4 discussed the mechanism of dentin hardness measurements and the invasiveness to
dentin by HAMILTOM because the measurement mechanism for quantitative dentin hardness
evaluation had remained unclear. The mechanism was discussed by the result of the difference
between dark areas and indentation areas, and the invasives to dentin was discussed by comparing
the invasiveness to dentin with the conventional dental probe. The results suggested that the dentin
hardness (dark area) measured by HAMILTOM included not only the deformation of dentin but also
the exuded water from dentin. The comparison of the indentation depths suggested that palpation by
a dental probe caused the larger indentation depth than HAMILTOM.

Chapter 5 provides the overall conclusion. HAMILTOM has the potential of a new diagnostic
device for caries and a strong support for the realization of selective removal for caries to measure

the dentin hardness in a clinical setting.



Table of contents

Chapter 1: Introduction 1
0 O O 3 5 1< PP T PSP 1
L a1 7 (ST TP OPT 2
1.3 Minimal INtETVENTION . .....eiveeiiieireeeeie e r e r e nr e nne s 3
1.4  Selective removal for caries With @ Jaser..........coveiiiiiiniei e 4
1.5 Quantitative diagnosis With @ It .......ccccceriiiiiiiiiii e 4
1.6 A Of thiS STUAY ..veevieiiiitieitie e bbbt ae s 5
1.7 Outline of this dISSEITAtION .......eivereeiirieiieeie et nre e nre e 5

Chapter 2: In vitro study on nanosecond-pulsed Q-switched Er:YAG

laser-induced selective removal for caries dentin 6
2 O 113 (0T 1011510 o PP PRR 6
2.1.1 History 0f 1aSers N deNtiSIIY . ...ueieiiuieieeiiesieesieesiee ettt sttt sbe e sbe e b e b e b sbeeseeesneas 6
2.1.2 Caries treatment With EriYAG 18SeT .....ocvviiiiiiiiiiineee e s 7
2.1.3 Possibility of selective removal for caries with O-switched Er:YAG laser.........cccocvvevvrnennen, 8
2.1.4 Purpose of the study in this ChaPLer.........ccoviiiiiiiiii s 9
2.2 Materials and MethOdS ........cooviiiiiiieiir e e 10
B V1110 (0 () 1 (o) s W TSRS 10
2.2.2 Laser devices for dental treatments ...........cvevereeriireriene e 10
e T ¢ 14 21 10 TS 111 o SRR RR 11
2.3 EVAIUATION 1.eeiiiiiiiicee s r R e r e r e ns 14
2.3.1 Morphology analysis: Scanning electron MIiCIOSCOPE ......verveererrrerrereereerresreseerresresreseesnesnens 14
2.3.2 Measurement of ablation depth: Confocal laser miCroSCOPE.......cevvverieerieerieerieereene e 14
2.3.3 Temperature MEASUTEITIEIES .........eerrerrterartreartreesteesreeaaseeessseessseessreesbeesaseeessneesaseesaneesnreessnes 15
B N 1 L PRSPPSO 17
2.4.1 Ablation depth of sound dentins and caries MOdels .........cccceevvriiiiiiiiieenie e 17
2.4.2 Temperature MEASUTEITIEIIES .. ...ecveereereereereereereereesreereesre e reere e re e e neereareareereaneanne s 22
B I B 1o 8 1] o) 4 PR PRSP 23
2.5.1 Ablation mechanism with the O-switched Er:YAG 1aser .......ccccovvvieiiinineiseneseenee 23
2.5.2 Thermal effect with the Q-SWitched EFr:YAG IASEN ......ccccvvveiiiieiiceee e 24
2.5.3 Possibility of selective removal for caries with O-switched Er:YAG laser..........ccoccoeeiennne 25
2.5.4 Relationship between selective removal for caries and dentin hardness ............ccceevereenennn 25



2.6 Conclusion Of this ChAPLET........ccccviveiiiiiiee e 27

Chapter 3: Demonstration of an optical dentin hardness measuring

device using bovine dentin with different demineralization times 28
T B 1 T L1 o1 o TP PR PR PR PRRPRRTRN 28
3.1.1 Significance of dentin hardness MEASUTEMENL.............ccceririririeiinine e 28
3.1.2 Dentin hardness evaluation Methods ..........cccoiieiiiiiiiiiei e 29
3.1.3 Optical dentin hardness measuring device (HAMILTOM) ......cccoooiiiiieiiniinenic e 29
3.1.4 Purpose of the study in this Chapter..........ccoovveiiiiiiiiic e 30
3.2 Materials and MeEthOdS ........ceiveiiiiiieie i nre s 31
3.2.1 Sample Preparation ......ccccciiiiiiieiiiiiii e 31
3.2.2 Optical dentin hardness measuring device (HAMILTOM) .......cccociiiiniiniienie e 33
3.2.3 Measurement principle of HAMILTOM..........ccocciiiiiiiiiiiini e 34
3.2.4 Calculation of the dark area............ccooveiiiiiiiiiii e 35
3.3 EVAIUATION .eeiiiiiiicieee ettt b r e r e bR R bR e nr e nreenreenre e 38
3.3.1 VACKETS RATANESS ...t 38
3.3.2 Comparison between dark area and Vickers hardness............cccocvveiniinieniinii s 38
B4 RESUILS ..ttt b et E e E e R e E e r e e R e nre e nreenreenree s 39
3.4.1 Hardness measurement of Sroup 1 .....ccccoiiiiiiiiiiiii 39
3.4.2 Hardness measurement of Sroup 2 .....cccoiiiiiiniiiiiiiie e 42
3.4.3 Comparison between group 1 and Sroup 2 .........ccoccvviiieiiiiiinis i 45
3.5 DDISCUSSION «.euteeitieiieesteete ettt ettt bt et e bt bt e bt e bt e sbe e s bt e eh e e nb e e s be e s b e e nb e e nb e e nbeenbeenbeenbeenbeenbeenbeenreens 46
3.5.1 Correlation between dark area and Vickers hardness ..........ccocecviiiiiiiiiiciee 46
3.5.2 Measurement accuracy of HAMILTOM.........cccccciiiiiiiiiiiinice e 47
3.5.3 Difference of situations between in vitro and in Vivo ..........cc.ccecceieiiiiciiiic 48
3.5.4 Clinical use Of HAMILTOM .......ccooiiiiiiiiiiiie it 49
3.6 Conclusion of this ChaPter.........cociiiiiiiiiie s 50

Chapter 4: Mechanism of dentin hardness measurements

using an optical dentin hardness measuring device 51
O B B 13 (0T L1 1510 s PSPPSR TP PP 51
4.1.1 Mechanism of dentin hardness measurements using HAMILTOM............cccccecvniininieciinnnns 51
4.1.2 Invasiveness to dentin using HAMILTOM...........ccocovviiiiiininici e 52
4.1.3 Purpose of the study in this Chapter.........ccovceiiiiiiic e 52
4.2 Materials and MeEthodS .........cooviieiiiiiiiie e 53
4.2.1 Sample Preparation ........cccoecveiueiiiiiieii i 53



4.2.2 Optical dentin hardness measuring device (HAMILTOM) ......cccoociiieiiiiininieeicnesesee e 54

4.2.3 Calculation of the dark area...........oceoiiiiirieii i 55
4.2.4 Theoretical formula of HAMILTOM.........cccciiiiiiiniiiiie et 58
4.2.5 Theoretical formula of Vickers hardness ...........ccocueieriiiiiniiiii i 60
4.2.6 Probe for PalPation .........coviiiiriiiieiii e 61
4.3 EVAIUATION ..utitiitieieite sttt sttt b et b bt bt bt bt s be e b e e bR e e Re e b e bR e e Re e bbb e e e e nnas 62
4.3.1 Morphology analysis: Scanning €lectron MICTOSCOPE .......ervereerverrererieeriesresieesiesiesieseeseeseens 62
4.3.2 Measurement of ablation depth: Confocal laser miCrosCope.........c.covvrrirvevrinenerecneneens 62
44 RESUILS ..ttt bbb R R R R R R b e bR n e nnn s 63
4.4.1 Change of Ca content by artificial demineralization .............c.cocevveviniininccnin e 65
4.4.2 Dark area and iNdentation Q€A ............ceeveeriieiiieiieeiieie et 65
4.4.3 Indentation of HAMILTOM and probe ........ccccoviiiiiiiiiiiinini e 70
4.5 DISCUSSION 1..tteutiestiesteeteett et e e bt e st e bt e be e s be e s bt e s bt e bt e s beesb e e sbe e sb e e eb e e nb e e sh e e sbe e sbe e nbe e sb e e nbe e nb e e nbeenbeenne e e 72
4.5.1 Mechanism of dentin hardness measurement using HAMILTOM.............cooeviiininieiinnnne 72
4.5.2 Comparison with theoretical formula.............cccooiiiiiiiiiiii 73
4.5.3 Invasiveness to dentin of HAMILTOM.........cccccoiiiiiiiiiiiiii e 75
4.6 Conclusion of this ChaPLer.........ccociiiiiiiici 76
Chapter 5: Conclusion 77
LSS 53 (S 1 Lo OO OO OTTOT PP 79
ACKNOWICAZEIMENLS .....ccviiiiiiiiiici e s 87
Accomplishment REPOTT ........cciiiiiiiiiic s 88



List of Figures

2.1 Optical setups with (a) O-switched Er:YAG laser and (b) free-running Er:YAG laser. The laser
beam was focused by a plano-convex lens after the output was adjusted with ND filters, and the
laser was irradiated to the sound dentin slices and caries models horizontally placed on a

three-axis translation stage.

2.2 SEM images of sound dentin slices and caries models irradiated at the fluence of 6, 10, or 14
Jicm? at the pulse reputation rate of 10 Hz with the Q-switched Er:YAG laser and the
free-running Er:YAG laser. The left images showed the whole irradiated areas of sound dentin
slices and caries models irradiated with the two lasers, and the right images showed the enlarged
images of the center parts and borders of the irradiated areas of caries models at the fluence of
10 J/cm?,

2.3 Relationships between the ablation depth and irradiation conditions at the pulse reputation rate
of 10 Hz of (a) Q-switched Er:YAG laser and (b) free-running Er:YAG laser. (n = 3, *p < 0.005)
For the Q-switched Er:YAG laser, the significant difference of ablation depth between sound
dentin and caries model was confirmed only at the fluence of 6 J/cm? but for the free-running
Er:YAG laser, the significant difference was confirmed at the fluence of 6, 10 and 14 J/cm?.

2.4 Relationships between ablation depth and the total applied dose adjusted with changing the
pulse repetition rate of 10, 16, or 23 Hz using the Q-switched Er:YAG laser. (n = 3, *p < 0.005)
The significant difference of ablation depth between sound dentin and caries model was
confirmed at the total applied dose of 120, 200 and 280 J/cm?.

2.5 Temperatures for the back side on the sample of sound dentin slices irradiated at the total
applied dose of 60, 120, 240 J/cm? at 10 Hz with the Q-switched Er:YAG laser (n = 5). The line
and dotted lines showed the change of temperature and the error bar showed the standard

deviation. The laser was irradiated at the time of 0 s.

3.1 Procedures to prepare dentin samples: (a) cut the extracted bovine tooth samples to the size of
approximately 20 x 10 x 1 mm?. Black manicure was Applied to the back and all sides of the
dentin prior to embedding to protect the dentinal tubules from the epoxy resin solution. (b)
Embed the sample in epoxy resin by using a silicone mold and let cure for at least 24 h. (c)

Remove the tooth sample from the mold. The surface was and mirror polished under water

Vi



injection using waterproof abrasive papers and a lapping film.

3.2 Schematic illustration of the HAMILTOM handpiece device. Image of the tip of the glass
indenter was projected onto the CMOS camera with a threefold magnification using the LED
light. By applying a load to the tip of the indenter, the lens barrel rotated around the rotation axis.
Then the lens barrel and the housing applied the load to the load sensor. When the load reached
the set value, the CMOS camera acquired an image of the indenter.

3.3 Principle of measuring the dark area projected between the glass indenter and dentin. When the
indenter contacted with dentin, a total internal reflection of LED light did not occur, and the
indenter at the contact area appeared dark because the refractive indices of the glass indenter and
dentin were similar. (a) Dark area for sound dentin was small at a constant load of 50 gf (~0.49
N) because the sound dentin was hard. (b) The dark area for demineralized dentin is larger for

the set load because the demineralized dentin was softer than sound dentin.

3.4 Image of the experimental system for the measurement of dark areas with HAMILTOM.
HAMILTOM was fixed at the base first, and the dentin sample was located directly below the
indenter of HAMILTOM. The stage was slowly raised vertically, and an image acquired with the
CMOS camera when the load reaches 50 gf (~0.49 N). At the same time, the load was measured

by an electronic balance to confirm the accuracy of the load measured by the load sensor.

3.5 Typical images of reflected light from the glass indenter taken with the CMOS camera. Images
for dentin samples with different demineralization times (0, 0.25, 0.5, 0.75, 1, 2, 4, 6, 12, or 24 h)

were shown for group 1. The scale bar showed the length of 500 pum.

3.6 Dark area, Vickers hardness, and their relationship for the samples in group 1. Each graph
showed the mean and standard deviation of three measurements. (a) Changes in the dark area
with different demineralization times. (b) Changes in the Vickers hardness with different
demineralization times. (c) Relationship between the dark area and the Vickers hardness. Dashed

line showed the approximate expression. A determination coefficient was also shown for (c).

3.7 Typical images of reflected light from the glass indenter taken with the CMOS camera. Images
for dentin samples with different demineralization times (0, 0.25, 0.5, 0.75, 1, 2, 4, 6, 12, or 24 h)
were shown for group 2. The scale bar showed the length of 500 um.

3.8 Dark area, Vickers hardness, and their relationship for the samples in group 2. Each graph

vii



showed the mean and standard deviation of three measurements. (a) Changes in the dark area
with different demineralization times. (b) Changes in the Vickers hardness with different
demineralization times. (c) Relationship between the dark area and the Vickers hardness. Dashed
line showed the approximate expression. A determination coefficient was also shown for (c).

3.9 Relationship between the Vickers hardness Hy tester Of the samples in group 2 measured with the
Vickers hardness tester and the Vickers hardness Hy namiLtom calculated by the dark area of the
samples in group 2 with the calibration curve obtained from the result of measurement with the
samples in group 1. The mean and standard deviation of three measurements, approximate

expression (dashed line), and determination coefficient were shown.

4.1 Schematic illustration of the HAMILTOM handpiece used in this study. Image of the resin
indenter tip was projected onto the CMOS camera with a threefold magnification using LED
light. First, the reference image was obtained by pressing the reference acquisition button. By
applying a load to the indenter tip, the lens barrel rotates around the rotation axis, and the lens
barrel and the housing apply a load to the capacitive load sensor. Then CMOS acquires an image
of the indenter when the load reaches a predetermined value.

4.2 Image of the experimental system to measure dark areas by HAMILTOM used in this study.
HAMILTOM was fixed at the base with the two points, and the dentin sample was placed
directly below the indenter. When the dark area was measured, the stage was slowly raised
vertically, and an image was acquired with the CMOS camera when the load reaches 50 gf (~
0.49 N). To verify the accuracy of the load measured by the sensor, the load was also measured

by an electronic balance.

4.3 Image of the experiment to create indentations with a dental probe by a dentist. To moisten the
dentin sample, it was immersed in saline for at least 24 hours before the experiment. Then the
excess surface moisture was blown off with air prior to indentation creation. The dentist applied
the same force as a clinical setting to create indentations on the dentin surface using a dental

probe and created the indentations at three random positions for each sample.

4.4 SEM images and mapping of Ca content of the cross-section surface of each dentin sample with
the different demineralization time (0.25, 0.5, 0.75, 1, 2, 4, 6, 12, or 24 h) measured with the
energy dispersive X-ray spectrometer attached to the SEM used in this study. The top side of the

images illustrates the dentin sample surface on which the indentations were created in this study.
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4.5 Ca content of the dentin sample surface, where the dark areas were measured with HAMILTOM,
at three positions in each dentin sample with the different demineralization time (0.25, 0.5, 0.75,
1, 2, 4, 6, 12, or 24 h) measured with the energy dispersive X-ray spectrometer attached to the
SEM used in this study.

4.6 Changes in the dark area with different demineralization times (0.25, 0.5, 0.75, 1, 2, 4, 6, 12, or
24 h) measured by HAMILTOM. Graph shows the mean and standard deviation of three

measurements.

4.7 SEM images of indentations on dentin samples with different Vickers hardness (52, 45, 44, 43,
40, 33, 30, 24, 21, or 20 HV) after hardness measurements with HAMILTOM. The scale bar
showed the length of 100 um.

4.8 Changes in the maximum depth of the dentin indentations created by the indenter of
HAMILTOM with different demineralization times (0.25, 0.5, 0.75, 1, 2, 4, 6, 12, or 24 h). For
the dentin sample with each demineralization time, the maximum depths of three indentations

were measured. Graph shows the mean and standard deviation of three measurements.

4.9 Changes in the dark areas measured by HAMILTOM and indentation sizes measured by SEM
images with different demineralization times. The indentation sizes were calculated as elliptical
shapes by measuring the long and short outer diameters of the indentation from the SEM images
(a) Changes as functions of the demineralization time from 0 to 1 h. (b) Changes as functions of
the demineralization time from 2 to 24 h. Graphs show the mean and standard deviation of three

measurements.

4.10 SEM images of indentations on sound dentins with various loads of 10-250 gf using
HAMILTOM or the dental probe based on palpation by the dentist belonging to Osaka Dental
University. The scale bar showed the length of 100 um.

4.11 Relationship between the maximum depth of indentations on sound dentins created by the
hardness measurement by HAMILTOM with the load of 10 to 250 gf and the maximum depth
of indentations on sound dentins created by the dental probe. Plots and bars show the mean and
standard deviation of three measurements by HAMILTOM. Dotted line and the band show the

mean and standard deviation of three measurements by the dental probe.

4.12 The relationship between the indentation areas and Vickers hardness calculated with the



theoretical formulas. The dark areas were calculated from the theoretical formula shown in

3.2.4 (6) and the Vickers hardness were calculated from the theoretical formula shown in 3.2.5

(7.

4.13 The relationship between the dark area measured by HAMILTOM and Vickers hardness
measured in this study. Dotted line showed the approximate expression. A determination

coefficient was shown.
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2.1 Irradiation conditions of Q-switched Er:YAG laser and free-running Er:YAG laser. The
wavelength of the two lasers was 2.94 um. The pulse duration of the Q-switched Er:YAG laser
was 80-130 ns and that of the free-running Er:YAG laser was ~200 ps. The fluence was set to 6,
10 and 14 J/cm?. The laser irradiation was conducted without water spray.

2.2 Ablation depth of sound dentins and caries models irradiated with the Q-switched Er:YAG laser
and the free-running Er:-YAG laser without water spray under the fluence of 6, 10 and 14 J/cm?,

The average and standard deviation are shown under each irradiation condition.

3.1 Dark area and the Vickers hardness of the samples in group 1. Mean and standard deviation (SD)

of three measurements with each demineralization time are shown.

3.2 Dark area and the Vickers hardness of the samples in group 2. Mean and standard deviation (SD)

of three measurements with each demineralization time are shown.

4.1 Dark area and the Vickers hardness of the dentin samples calculated with the calibration curve

obtained in group 1.

Xi



Chapter 1

Introduction

1.1 Caries

The world’s population is not only increasing but it is also aging. According to the World Health
Organization (WHO), 1 in 6 people will be 60 years or older by 2030, and the world’s population
over 60 years of age will reach 2.1 billion by 2050 [1]. As life expectancy of the aging population
increases, people retain their teeth for longer [2], causing the risk increase of developing caries.
Caries is caused by decalcification due to organic acids such as lactic acid produced by metabolism
and degradation of sugar in a dental plaque on a tooth surface where there are causative bacteria
related to the demineralization. Dental caries lesions are classified into five zones from the extent or
structure of demineralization, which are zone of decomposed dentin, zone of decalcification with
bacterial invasion, zone of decalcification without bacterial invasion, zone of dentinal sclerosis and
zone of fatty degeneration from the most severe surface of tooth. Moreover, they are classified into
two layers that are ‘outer layer of caries dentin’ with bacterial infection, which is not
remineralizeable and perceivable, and ‘inner layer of caries dentin’ without bacterial infection which
is able to remineralize [3]. Its boundary is between the zone of decalcification with bacterial invasion
and that without bacterial invasion.

Basically, caries does not heal naturally and caries are progressive. In early caries localized to
enamel, remineralization occurs due to redeposition of minerals in saliva or demineralized minerals.
Although the condition could be maintained for a long time, the condition deteriorates to dental
pulpitis with severe pain if the lesion progressed and reached the deep part of dentin, and if it was
unattended. Ultimately, it ends up with tooth extraction. Therefore, it is desirable to take proper
treatment before the disease progresses to pulpitis and restore oral function and sensuousness [3].

During the last five decades, measures to combat dental caries have been developed, tested and
implemented in many populations worldwide, and are thought to have provided benefits to millions
of people [4]. In spite of the huge effort made, a large part of the population in the world still suffers
from the disease of caries [5], which are the main causes of tooth loss. In Japan, the number of
people who have caries has been decreasing year by year since 1980 and the trend has continued in
recent years [6]. However, the prevalence of dental caries is still very high. With regard to permanent
teeth, it was reported that the percentage of those who currently have caries was lower than 10 % in

the age group between 5 and 10 years old but more than 80 % in the age group between 25 and 85



years old increasing with age. Especially, it was close to 100 % among people whose age are
between 35 and 55 years old [7]. It is clear from many epidemiological investigations that chewing
ability for all foods can be maintained by 20 or more teeth remaining, and a remarkable decrease in
the chewing ability is observed when the residual teeth become less than 20 [8]. In addition, a value
of 51.2 % has been reported as a percentage of people who have more than 20 teeth at the age of 80
[7], and the loss of teeth due to age is still a public health problem. In conventional caries treatments,
the main point was put on the complete removal of caries, but the trend has been changing into
conservation of tooth or pulp with minimal invasion caused by cutting from the viewpoint of
conservation restoration science [9]. Because of the trend change, a minimally invasive dental
treatment for teeth corresponding to a concept of minimal intervention (MI) advocated by Federation

Dentaire Internationale (FDI) is strongly desired in recent years.

1.2 Root caries

Root caries is a dental disease which affects more than one in three persons in the geriatric
population [10]. Root caries are more often found on the exposed root surfaces or the margin of the
cementoenamel junction [11]. Root caries is defined as a cavitation below the cementoenamel
junction not including the adjacent enamel, usually discolored, softened ill-defined and involving
both cementum and underlying dentin [12]. Enamel contains about 90 % minerals; therefore, the
enamel is stronger and more acid-resistant than any other dental tissue [13]. In comparison,
cementum and dentin are composed of about 45 % to 50 % and 70 % inorganic materials,
respectively [14,15]. The cementum and dentin have higher solubility compared with enamel due to
their higher content of magnesium and carbonate [16]. Compared to enamel, cementum and dentin
on a root surface are more susceptible to caries progression and is more likely to cause tooth loss.
Root caries begins with demineralization of cementum after exposure of the root surface due to
gingival recession, and spreads to the dentin. Cementum is a tissue similar to dentin and has lower
acid resistance than enamel, making it more susceptible to caries. Caries progresses against the
dentin by collapsing and shedding the cementum, exposing a wide area of dentin. The thickness of
the cementum in cervical area is thin, approximately 20—50 pm, and most root caries identified by
inspection is dentin caries. Therefore, this study focused on dentin because it is considered important
to evaluate the progression of root caries to dentin.

The treatment of root caries is much more difficult than that of the crown because the cutting of
root surface caries could break the tooth, and the proximity to the gingiva could make cement filling
difficult. Therefore, it is important to assess the progression of root caries through diagnosis to

prevent severe root caries.



1.3 Minimal intervention

M1 is the basic philosophy of dental treatments in general advocated by FDI in 2002, and has
following five concepts in principle [17, 18].

@ Modification of the oral flora
It is important to prevent infection by removing plaque and restricting intake of sugar since
caries is an infectious disease.

@ Patient education
It is necessary to explain the formation of dental caries and how to prevent being caries through
guidance on diet and cleaning in a mouth to patients.

@ Remineralization of non-cavitated lesions of enamel and dentin
The course of the caries should be observed with remineralization therapy because such caries
has been proved to stop or treat its progress.

@ Minimal operative intervention of cavitated lesions
In cutting of dental substances, natural tooth should try to be preserved as much as possible and,
only enamel that seems to be broken and infected dentin should be cut.

® Repair of defective restorations
Removal of restorations could result in some removal of healthy tooth and the size of the cavity

could increase. Instead of repairing the entire restoration, it is also an option to repair it.

In the cutting treatment of caries dentin, ‘minimally invasive caries treatment’ is important as
mentioned in @ in order to make the diseased tooth function longer. ‘Minimally invasive caries
treatment’ not only minimizes cutting amount for healthy teeth but also implies reliable removal of
caries dentin, and therefore setting criteria for cutting or non-cutting is important.

At the moment, an infected tooth removal with a caries dentin detection solution is the most
reliable clinical method. The caries dentin detection solution dyes the layer infected by bacteria
which is called outer layer of caries dentin red, and cutting is conducted with the dyeing as a guide
[19]. However, the remineralized caries dentin or sound dentin is removed by cutting until the
dyeing disappears. For this reason, it is not necessary to get rid of all the stained parts, and it is
regarded as the end point to be cut as far as the part which is dyed light pink [20]. Also, it is
inevitable that a judgment on the staining status is based on a subjective view [21], and the method
of discriminating the infected tooth to be removed remains problematic.

In addition, there are problems remaining in terms of devices for cutting a tooth which is a dental
hard tissue. According to the principles of MI, ideally a medical device should minimally invade

sound dentin and be able to remove infected dentin selectively without excess or deficiency.



However, such an ideal device in clinical use does not exist at the moment, and traditional manual

cutting tools and rotating turbines are used in treatments.

1.4 Selective removal for caries with a laser

From the perspective of minimal intervention for caries treatment, a medical device which
minimally invades sound dentin and be able to remove infected dentin selectively without excess or
deficiency is ideal and desired. The absorption spectra of human sound and carious dentin in the
mid-infrared wavelength were shown in the previous study [22]. Although the absorption spectra of
caries dentin did not show absorption band associated with PO stretching because hydroxyapatite
was eluted during the demineralization process, the absorption bands with OH stretching and amide
bands were stronger in caries dentin than in sound dentin. Since carious dentin contains more water
than sound dentin, caries selective removal could be possible with a laser considered by taking
advantage of the difference in absorption spectra due to OH stretching vibrations exhibited by the
wavelength of 2.94 um. Especially, the caries selectivity of removal with minimal intervention could
be achieved with the irradiation with Er:YAG laser at the wavelength of 2.94 um without water spray,
by using the amount of light absorption caused by differences in water content between sound dentin

and caries dentin.

1.5 Quantitative diagnosis with a light

The selective removal for caries could be an ideal treatment in accordance with the basic
philosophy of dental treatments of minimal intervention, and the possibility of the selective removal
for caries with a laser needs to be investigated in this study. However, the most minimal-intervention
approach, I believe, is to preserve natural tooth or teeth that do not require treatment as much as
possible without treatment.

Root caries is diagnosed by inspection and palpation basically. The indicators contain the color,
surface texture, and hardness of the lesion [23,24]. Although the diagnosis is based on inspection and
palpation, there is no clear color change in the initial root caries [25], and palpation is performed
using a dental probe. Hence, the diagnosis is qualitative depending on dentists. Hardness of dentin
becomes softer with the progress of caries, but the diagnosis using a dental probe depends on the
dentist’s sensitivity to pressure changes when inserting and removing the probe. In fact, the kappa
statistics for the inspection and palpation for root caries are as low as 30 % to 51 % [26], which is
very low. Therefore, a method to objectively and quantitatively measure the dentin hardness and
evaluate the activity and progress of root caries in a clinical setting is strongly required to realize the

most minimal-intervention approach preventing unnecessary caries treatment.



1.6 Aim of this study

This study aimed to develop a treatment with the caries selectivity of removal using a laser.
Since carious dentin contains more water than sound dentin, caries selective removal could be
possible with a laser considered by taking advantage of the difference in absorption spectra due to
OH stretching vibrations exhibited by the wavelength of 2.94 um. The characteristics of laser
ablation to dentin slices were examined and compared between the Q-switched Er:YAG laser with a
pulse duration of 80—130 ns and the free-running Er:YAG laser with a pulse duration of 200-300 s
without water spray. Furthermore, as the most minimal-intervention approach, a diagnostic method
to objectively and quantitatively measure the dentin hardness with a light was aimed to prevent
unnecessary caries treatment. The demonstration of the basic principle of an optical dentin hardness
measurement device using bovine dentin samples with different demineralization times, and the
mechanism of dentin hardness measurements using HAMILTOM and the invasiveness to dentin

were evaluated.

1.7 QOutline of this dissertation

To develop a technique for selective removal of caries with a laser, the characteristics of laser
ablation to dentin slices were examined and compared between the nanosecond-pulsed Q-switched
Er:YAG laser with a pulse duration of 80—130 ns and the microsecond-pulsed free-running Er:YAG
laser with a pulse duration of 200-300 ps without water spray in Chapter 2. To develop a diagnostic
method to objectively and quantitatively measure the dentin hardness with a light, the demonstration
of the basic principle of an optical dentin hardness measurement device using bovine dentin samples
with different demineralization times were presented in Chapter 3. In Chapter 4, the mechanism of
dentin hardness measurements using HAMILTOM and the invasiveness to dentin were discussed.

The overall conclusion was provided in Chapter 5.



Chapter 2

In vitro study on nanosecond-pulsed
O-switched Er:YAG laser-induced

selective removal for caries dentin

2.1 Introduction

2.1.1 History of lasers in dentistry

Seodol Maiman successfully oscillated a ruby laser using ruby as an active substance for the first
time in the world in 1960 [27]. In 1964, Goldman and Stern already tried to form cavities of
extracted teeth using lasers [28,29]. However, the lasers developed in the early days caused a serious
thermal damage to the dentin, and it was supposed that a dental treatment with a laser would be
impossible. However, due to the technical improvement of laser equipment, CO; laser was applied to
dental treatment early in the 1960’s, which showed acquisition of acid resistance to enamel [30],
superior hemostatic effect on soft tissue, few damages on surrounding tissues, and pain reduction
[31-33]. But, since the wavelength band of 9-11 pum has strong absorption into hydroxyapatite,
cracks and carbonization due to the high thermal effect, and melting of the tooth surface have been
reported, which suggested that the laser treatment was unsuitable for hard tissue cutting. In addition,
Nd:YAG laser with a wavelength of 1.06 pm has a small absorption of tooth substance, penetrates
the hard tissues and reaches the pulp which is damaged by the thermal effect. Consequently,
Nd:YAG laser was not suitable for cutting hard tissues as well as CO2 laser [34]. Therefore,
currently both CO2 laser and Nd:YAG laser are mainly applied to soft tissues [35].

For cutting hard tissues, Er:YAG laser is the only laser which has been applied for caries
treatment in Japan, and is used in clinical situation. Er:YAG laser is a solid-state laser developed by
Zharikov et al. in 1974, and has a wavelength of 2.94 um. In 1989, Hibst, Keller and Chino et al.
reported that it was possible to evaporate hard tissues by Er:YAG laser [36, 37], demonstrating the
possibility of caries removal by laser. The wavelength of Er:YAG laser is 2.94 pm which is very



strongly absorbed by water, and it is able to cut teeth by evaporating water on the tooth surface. In
clinical use, it is possible to cut teeth safely without causing cracks or thermal damage of the pulp by
using water spray for cooling. The caries treatment using Er:YAG laser is reported to have less
unpleasant symptoms for patients [38], because uncomfortable noise or vibration during the
treatments are extremely less than a conventional rotating cutting tool [39, 40]. Hibst and Keller et al.
reported that more than 80 % of patients wanted to receive the laser treatment instead of the rotating
cutting tool after the laser treatment [41]. In addition, since noise or vibration which give discomfort
to patients are extremely small, it is expected as an effective method for children and people with
disabilities. Laser dental treatment has been prevailing and has covered by insurance. 20 points of
caries tooth painless cavity formation addition is newly established for painless caries removal by
laser irradiation in 2008 revision of medical fee, and it was raised to 40 points in 2010.

Moreover, Er:YAG laser can be applied not only to the hard tissues but also soft tissues such as
gingiva, tooth root, bone tissue and titanium dental implants [42]. Applications for various clinical
situations such as a soft tissue treatment, a periodontal treatment, a periodontal surgery treatment,
and a treatment for peri-implant inflammation have been tried worldwide [43—47]. However, clinical
application to bone tissue such as alveolar bone removal and the reshaping has been approved by the

Food and Drug Administration (FDA), but they have not been approved in Japan yet.

2.1.2 Caries treatment with Er:YAG laser

In MI treatment for caries, selective removal of infected tooth tissue is desired. Since carious
dentin contains more water than sound dentin, the possibility of caries selective cutting was
considered by taking advantage of the difference in absorption spectra due to OH stretching
vibrations exhibited by the wavelength of 2.94 um. In the past, the ablation with Er:YAG laser was
selective for caries because the caries contained much water [48], and the opening of the dentinal
tubule as seen on the surface of dentin ablated by Er:YAG laser was thought to be suitable for repair
system with composite resin [49-51]. Therefore, MI therapy with Er:YAG laser was advertised.
However, since the reaction between Er:YAG laser and water spray is dominant in the treatment, the
fact is that the selective ablation of caries has not been achieved. With Er:YAG laser irradiation with
water spray, the caries selectivity of ablation was not observed, and it has been reported that the
variation in the ablation volumes were the largest among various cutting methods and the risks that
infected tooth remained or excessive cutting happened were very high [52, 53]. In addition, it is
reported that laminate structure or formation of a fragile thermal denatured layer was observed on
the surface of dentin after the Er:YAG laser irradiation, which could cause the decrease in adhesive
strength of composite resin [54]. Although the composite resin does not fall off shortly after it is
repaired on the laser-irradiated dentin, in the long term the deterioration of the restoration could be

accelerated causing hyperesthesia and secondary caries [55]. Furthermore, the efficiency of cutting



with Er:YAG laser is much lower than high-speed rotating cutting tools, and the extension of
treatment time is a serious problem [56]. On the other hand, the irradiation with Er:YAG laser
without water spray, the caries selectivity of ablation could be achieved by using the amount of light
absorption caused by differences in water content between sound dentin and caries dentin. However,
the water spray is indispensable in the actual caries treatment with Er:YAG laser to suppress the
thermal effect caused by the laser irradiation. However, the sound dentin is also ablated due to the
dominancy of light absorption to sprayed water resulting in loss of caries selectivity of ablation.
Therefore, a new laser dental treatment with less thermal effect which is able to achieve the selective

ablation of caries needs to be developed.

2.1.3 Possibility of selective removal for caries with Q-switched Er:YAG laser

In the caries treatment with Er:YAG laser, water spray is used because it induces a cavitation
effect in water on dentin [57] and cooling due to the thermal effect of the laser in the treatment
process. Without water spray or with water spray at 1 mL/min, thermal damage such as
carbonization and increased temperature occurs on an irradiated dentin surface [58]. However, sound
dentin is also ablated under the treatment with water spray, and the selectivity of the caries is
sometimes poor for dental caries removal [59]. In a recent study with a diode-pumped Er:YAG laser
operating with a short pulse duration of 20—100 ps, selective removal only between healthy enamel
and demineralized dentin was shown [60]. It is necessary to achieve a treatment with a lower thermal
effect and less water spray.

The thermal confinement condition is an important index when assessing the thermal effect. The
thermal confinement condition is satisfied when the pulse duration is much shorter than the thermal
relaxation time. The range of the temperature increase in a tissue is limited to the light-absorption
region defined by the light-penetration depth when the thermal confinement condition is satisfied.
The thermal relaxation time is the period where the temperature increase at the optical penetration
depth becomes 1/e of the surface temperature increase. The thermal relaxation time at the
wavelength of free-running Er:YAG laser (2.94 um) without water spray is 142 ps for sound dentin
and 58.3 ps for caries dentin [61]. On the one hand, the pulse duration of the free-running Er:YAG
laser is approximately 200-300 us, which shows that the thermal confinement condition is not
satisfied and the heat spreads to the surrounding tissues of dentins. In recent studies, a pulse variable
Er:YAG laser with a pulse duration between 20 and 100 ps has been utilized to irradiate dentin [59,
62—64], but the pulse durations are still too long to satisfy the thermal confinement condition.

On the other hand, a O-switched Er:YAG laser has a pulse duration around 100 ns, and the laser
is able to satisfy the thermal confinement condition with the expected suppression of the thermal
effect. A previous study confirmed that the irradiation marks from the heat-denatured layer on dentin

are greatly reduced using a Q-switched Er:YAG laser [65]. Water spray is used during treatment with



the free-running Er:YAG laser to prevent the thermal denaturation of the laser-irradiated dentin
surface and the occurrence of cracks due to the thermal influence. However, the O-switched Er:YAG
laser has a possibility to be a laser treatment with no water spray allowing effective use of the
difference in the optical absorption coefficients between sound and caries dentin. Therefore, a laser

treatment with the O-switched Er:YAG laser is expected to be a caries-selective treatment.

2.1.4 Purpose of the study in this chapter

The purpose of the study in this chapter is to develop a less-invasive laser caries treatment using
the O-switched Er:YAG laser for achieving a caries treatment with minimal intervention. Here, the
characteristics of laser ablation to dentin slices were examined and compared between the
O-switched Er:YAG laser with a pulse duration of 80-130 ns and the free-running Er:YAG laser
with a pulse duration of 200-300 pus without water spray.



2.2 Materials and Methods

2.2.1 Sample preparation

Bovine sound dentin slices were used as samples in this study. The size of the samples was 10 x
10 x 1 mm?3. The processes for preparation included cutting sound anterior dentins using a cutter
(MC-201 M; Maruto, Tokyo, Japan) and polishing with a no. 600 waterproof abrasive paper
(26-4738; Maruto). The surface of samples was perpendicular to the direction of the dentinal tubules.
Caries models were created by immersing sound dentin slice samples into 0.1-Mlactic acid solution
(M5R3990; Nacalai Tesque, Kyoto, Japan) at 37 °C, which stirred for 24 h [66]. The caries models
were preserved in distilled water after the artificial demineralization process. In order to simulate the
actual oral condition, the samples were placed in a wet state during laser irradiation because the oral
cavity is always filled with water vapor. To maintain the moist state, a gauze containing
phosphate-buffered saline (D8537-500 ML; Sigma-Aldrich, St. Louis, MO, USA) was placed in a
sealed container, and the samples were placed in the container for 10 min prior to laser irradiation.
The weight ratio occupied by water contained in a sound dentin slice and a caries model was
measured with using a moisture meter (MOC 603 u; Shimadzu, Kyoto, Japan). The absorption
coefficients for the sound dentin slices and caries models at a wavelength of 2.94 um were 980 and
1530 cm™!, respectively [66]. The absorption coefficient of water at the same wavelength was
measured by Fourier transform infrared (FTIR) spectrometry (MB3000, ABB, Switzerland). The
specific gravity of dentin was 2.1 which was the ratio of the density of a substance to the density of
water [67]. The volume ratio of dentin and water was calculated using the specific gravity and the
weight ratio occupied by water contained in the sound dentin slice and the caries model, and then the
absorption coefficients of sound dentin slices and caries models with the contained water were
calculated to understand the difference in the optical absorption coefficients between sound and

caries dentin.

2.2.2 Laser devices for dental treatments

The characteristics of laser ablation to dentin was evaluated with a Q-switched Er:YAG laser
with a rotating mirror O-switching system. A flash lamp—pumped Er:YAG laser (FLPM-90; Pantec
Medical Laser, Liechtenstein) was attached to the O-switched Er:YAG laser. The flash lamp—pumped
Er:YAG laser, O-switch controller, power supply unit (PS 5020; Pantec Medical Laser) to drive the
flash lamp, and chiller (P 315; ThermoTek, Flower Mound, TX, USA) were connected to the laser
oscillation system. A free-running Er:YAG laser (Erwin AdvErL; J. Morita Mfg., Osaka, Japan) was
also used for comparison with the O-switched Er:YAG laser in this study. Table 2.1 describes the

specifications and irradiation conditions of the Q-switched Er:YAG laser and the free-running
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Er:YAG laser. The wavelength was the same at 2.94 pm, but the pulse duration was different. The
pulse duration of the O-switched Er:YAG laser was 80—130 ns and that of the free-running Er:YAG
laser was around 200 ps. The pulse repetition rate of the free-running Er:YAG laser was constant at

10 Hz, but that of the O-switched Er:YAG laser was changed between 10 and 23 Hz.

Table 2.1 Irradiation conditions of Q-switched Er:YAG laser and free-running Er:YAG laser.
The wavelength of the two lasers was 2.94 um. The pulse duration of the Q-switched Er:YAG
laser was 80-130 ns and that of the free-running Er:YAG laser was ~200 ps. The fluence was set

to 6, 10 and 14 J/cm?. The laser irradiation was conducted without water spray.

Q-switched Er:YAG laser Free-running Er: YAG laser
Wavelength 2.94 um
Pulse duration 80-130 ns ~200 ps
Pulse repetition rate 10-23 Hz 10 Hz
Beam area 0.36 mnv’ 0.11 mm?
Fluence 6, 10, 14 J/cm’
Peak power density 6.0x10', 10x10, 14x10" W/em®  4.0x10", 6.6x10% 9.2x10" W/cn?
Water spray None

2.2.3 Irradiation setup

Figure 2.1 illustrates the optical setups for the Q-switched Er:YAG laser or the free-running
Er:YAG laser. The laser beams were focused by the plano-convex lens after the output was adjusted
with ND filters, and the laser was irradiated to the sound dentin slices and caries models horizontally
placed on a three-axis translation stage. The stage was fixed during the laser irradiation.

The beam diameters were measured by the full width at half maximum (FWHM) of the beam
profiles obtained by the knife edge method. The beam shape of the O-switched Er:YAG laser was an
elliptical with a major axis of about 700 um and a minor axis of about 660 um after focused using a
plano-convex lens with a 100-mm focal length. The beam areas was calculated to about 0.36 mm?
for the O-switched Er:YAG laser. On the other hand, the beam shape of the free-running Er:YAG
laser was an approximately circular. The beam diameter of the free-running Er: YAG laser was about
370 pum after focused using a plano-convex lens with a 150-mm focal length. The beam areas was
calculated to about 0.11 mm? for the free-running Er:YAG laser. The pulse energy was also
calculated from the power of laser beams measured as the actual power output from the optical

setups with using a power meter (30A-P, Ophir Optronics, Israel) and a display (Nova II, Ophir
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Optronics) and pulse repetition rate. The pulse duration was evaluated with a HgCdZnTe detector
(PD-10.6.3; Boston Electronics, Brookline, MA, USA) and a digital oscilloscope (TDS3054C;
Tektronix, Beaverton, OR, USA), and then the peak power was calculated from the pulse energy and
pulse duration. The irradiation time was automatically set to 2 s using an electronically controlled
mechanical shutter (F77; Suruga Seiki, Shizuoka, Japan). The pulse repetition rate was set to 10 Hz.
The fluence was changed to 6, 10, or 14 J/cm?, and the total applied dose was changed to 120, 200,
or 280 J/cm?. The fluence and the total applied dose were adjusted using infrared neutral-density
(ND) filters with optical densities of 0.3 or 0.5 (no. 64-353, no. 64-354; Edmund Optics, Barrington,
NJ, USA) to keep the laser beam diameter constant regardless of the laser oscillation output. The
irradiation experiments were conducted without water spray for both lasers to compare the ablation
properties under the same fluences. In addition, the power fluctuation of the two lasers were
measured using the diffuse reflected light of the two lasers under 10 Hz using the HgCdZnTe

detector and the digital oscilloscope.
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Figure 2.1 Optical setups with (a) O-switched Er:YAG laser and (b) free-running Er:YAG laser.
The laser beam was focused by a plano-convex lens after the output was adjusted with ND filters,
and the laser was irradiated to the sound dentin slices and caries models horizontally placed on a

three-axis translation stage.
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2.3 Evaluation

2.3.1 Morphology analysis: Scanning electron microscope

A scanning electron microscope (SEM) is able to capture a sample image with third dimension as
a secondary electron image and widely used in all fields such as medical and biological fields,
engineering, chemistry and so on. In dentistry, it is commonly used in basic research such as
observation of mark after laser irradiation and hybrid layer. SEM utilizes the properties of electrons
as waves. When electrons are irradiated on a substance, various kinds of electrons and
electromagnetic waves are generated by the interaction between electrons and substances. Electrons
which are given the energy of incident electrons and jump out of the atomic shell are called
secondary electrons. Besides, reflected electrons caused by backward elastic scattering of incident
electrons and auger electrons and characteristic X-ray generated by electron transition from the
excitation state to the ground state are released. Since the energy of secondary electrons emitted
form atoms is small, only secondary electrons generated from a very shallow surface layer of about
10 nm can be detached from the sample surface. Therefore, an emission amount of the secondary
electron rises as the inclination angle of the sample surface increases, which suggests that the
emission amount of the secondary electron varies according to the undulation of the sample surface.
SEM image is formed by reflecting the contrast of the secondary electron emission amount. The
emission rate of the secondary electron shows not only the surface shape of the sample but also its
dependence on the composition of the sample. The contrast of the emission rate of secondary
electron depending on composition is called atom number effect, and atomic number is proportional
to the emission rate of secondary electron in the region of small atomic number. In hard tissues,
substances with small atomic numbers such as carbon, oxygen, hydrogen and nitrogen and
substances with large atomic numbers such as calcium, which is peculiar to hard tissues coexist, and
the contrast could be seen by the distribution of calcification degree. In this study, the laser irradiated
areas were observed with a scanning electron microscope (SEM, JCM-5700; JEOL, Tokyo, Japan) to
observe the dentin morphology after the laser irradiation with the two lasers. As a pretreatment
before the SEM observation, the surfaces of the dentin samples were coated with 4-nm-thick gold
using an ion-sputtering system (E-1010; Hitachi, Tokyo, Japan) for 30 s at a 15-mA current to

prevent overcharge of the sample.

2.3.2 Measurement of ablation depth: Confocal laser microscope
In ordinary optical microscope observation, a whole area of a sample is uniformly irradiated with
light, and the transmitted light or the fluorescence generated from the sample are observed. Because

an image derived from a focused surface is overlapped by blurring derived from the other unfocused
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surfaces when the sample has a thickness, it is difficult to observe the focal plane. Using the
confocal microscope, a focused image of a surface that is an optical tomogram (sliced image) is able
to be obtained by excluding light from unfocused surfaces of a sample with a pinhole. A sharp image
which has a high resolution in the height direction and shallow depth of focus getting rid of blurring
can be obtained. Laser light with high luminance and strong directivity is an ideal light source of a
confocal microscope. In a confocal laser microscope, one point irradiation and one point detection
are performed at a high speed in a wide field of view (X, Y direction) using a galvano mirror scanner,
and the signal intensity of each point is imaged. Furthermore, a three-dimensional structure is able to
be reproduced by combining images of multiple planes since a confocal laser microscope has high
resolution in the depth direction (Z direction). In this study, the ablation volumes after laser
irradiation were measured using a confocal laser-scanning microscope (OLS 3000; Olympus, Tokyo,
Japan). For the measurement results, the mean with the standard deviation was shown in graphs. As
a statistical process, student’s t test was utilized to determine significant differences to the values
compared in this study. A probability value of p < 0.005 was considered to indicate the statistical
significance in this study.

2.3.3 Temperature measurements

In the conventional caries treatment with the free-running Er:YAG laser, water spray is
necessary for cooling, which leads to the increase of the ablation efficiency as well. The irradiation
energy increases the temperature of the dental pulp in a condition without water spray for cooling,
which might cause necrosis of the dental pulp [68]. Generally speaking, the necrosis of dental pulp is
induced when the pulp temperature increases by 5 °C or more [69, 70]. Therefore, the temperature of
the pulp due increased by laser irradiation should be below 5 °C without water spray. In this study,
the temperature change in the back side of the dentin sample during the Q-switched Er:YAG laser
irradiation was measured for bovine sound dentin slices with a size of 5 x 5 x 1 mm? to evaluated
the acceptability of the thermal effect of the Q-switched Er:YAG laser in terms of the thermal effect
on the dental pulp. A thermocouple (T35LC-200L2K98; Okazaki, Japan) was used to measure
temperature. The temperature was recorded using a high-precision temperature, voltage
measurement unit (NRTHO8; Keyence, Osaka, Japan), and a multi-input data collection system
(NR-500; Keyence). The sampling rate for the measurement was 0.1 s, and the system was heated
for 30 min before the measurement. The samples were heated and kept at 37 °C to simulate the
temperature of the human body using a laser mount (TCLDM 9; Thorlabs, USA) and a temperature
controller (ITC4001; Thorlabs). The measurement surface of the thermocouple was in close contact
with the back of the samples, and the Q-switched Er:YAG laser was irradiated on the sample surface
approximately above the location of the tip of the thermocouple. The peak power density was set to

6.0 x 107 W/cm? and the laser irradiation time was set to 1, 2, or 4 s. The laser irradiation time was
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determined by considering the actual assumed time for dentists to irradiate continuously a point on
the dentin using a laser. The fluence was 6 J/cm? and the total applied dose was 60, 120, or 240

J/lem? for each irradiation time.
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2.4 Results

2.4.1 Ablation depth of sound dentins and caries models

The weight ratio occupied by water in the sound dentin slice and the caries model was measured
using the moisture meter, and the absorption coefficient of water at the wavelength of 2.94 pm was
measured by FTIR to confirm the difference in the optical absorption coefficients between sound and
caries dentin. The moisture contents contained in the sound dentin slices and the caries models were
18 % and 61 %, respectively. The absorption coefficient of water at the wavelength of 2.94 pm was
12,202 cm™! according to FTIR spectrometry. Therefore, the calculated absorption coefficients of
sound dentin slices and caries models were 2579 cm™! and 7727 c¢m!, respectively, by the
calculation of adding the absorption coefficient of water based on the volume ratio of dentin and
water.

To improve the selectivity of caries removal with the nano-second pulsed O-switched Er:YAG
laser by reducing the thermal effect, the ablation characteristics of the Q-switched Er:YAG laser
were investigated and compared with the micro-second pulsed free-running Er:YAG laser. Figure 2.2
shows the SEM images of the surface morphology of sound dentin slices and caries models after
laser irradiation with the O-switched Er:YAG laser and the free-running Er:YAG laser at the fluence
of 6, 10, or 14 J/cm? at the pulse reputation rate of 10 Hz. The left images showed the whole
irradiated areas of sound dentin slices and caries models irradiated with the two lasers, and the right
images showed the enlarged images of the center parts “Center” and borders “Border” of the
irradiated areas at the fluence of 10 J/cm?. The irradiation areas with the Q-switched Er:YAG laser
were larger than the free-running Er:YAG laser due to the difference in the beam area. In the
enlarged images, dental pulps were observed as open after irradiation with the two lasers at the
center part of the caries models. Many open dentinal tubules were observed in the image of the
O-switched Er:YAG laser. On the other hand, an uneven scale-like structure was observed at the
center part of caries model irradiated with the free-running Er:YAG laser. In addition, the dentinal
tubules melted at the border part of caries model due to the thermal effect, as can be seen at the
border of the caries model between the irradiated and non-irradiated areas. From the morphological
observation of the laser irradiation area by SEM, it was suggested that the Q-switched Er:YAG laser

could suppress the thermal effect compared with the free-running Er:YAG laser.
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Figure 2.2 SEM images of sound dentin slices and caries models irradiated at the fluence of 6,
10, or 14 J/cm? at the pulse reputation rate of 10 Hz with the Q-switched Er:YAG laser and the
free-running Er:YAG laser. The left images showed the whole irradiated areas of sound dentin
slices and caries models irradiated with the two lasers, and the right images showed the enlarged
images of the center parts and borders of the irradiated areas of caries models at the fluence of 10

Jlem?,

Figure 2.3 shows the relationships between the ablation depth and irradiation conditions at the
pulse reputation rate of 10 Hz of the Q-switched Er:YAG laser (a) and the free-running Er:YAG
laser (b). Table 1.2 describes the ablation depth of sound dentins and caries models irradiated with
the Q-switched Er:YAG laser and the free-running Er:YAG laser without water spray under the
fluence of 6, 10 and 14 J/cm?. The average and standard deviation are shown under each irradiation
condition. In this study, the ratio of the volume to the beam area was introduced because the beam
areas of the two lasers were different, and the ratio was defined as the ablation depth. With regard to
the ablation efficiency, the ablation depths by the O-switched Er:YAG laser were about three times
larger than the free-running Er:YAG laser. From the perspective of selective removal for caries,
according to the statistical analysis using Student’s ¢ test at a significance of 0.5 %, the significant
difference of ablation depth between sound dentin and caries model was confirmed only at the
fluence of 6 J/cm? for the Q-switched Er:YAG laser. On the other hand, the significant difference
was confirmed at the fluence of 6, 10 and 14 J/cm? for the free-running Er:YAG laser although it is

difficult to achieve the laser treatment of the free-running Er:YAG laser without water spray.
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Figure 2.3 Relationships between the ablation depth and irradiation conditions at the pulse
reputation rate of 10 Hz of (a) Q-switched Er:YAG laser and (b) free-running Er:YAG laser. (n =
3, *p < 0.005) For the Q-switched Er:YAG laser, the significant difference of ablation depth
between sound dentin and caries model was confirmed only at the fluence of 6 J/cm? but for the
free-running Er:YAG laser, the significant difference was confirmed at the fluence of 6, 10 and 14

Jlem?,
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Table 2.2 Ablation depth of sound dentins and caries models irradiated with the Q-switched
Er:YAG laser and the free-running Er:YAG laser without water spray under the fluence of 6, 10
and 14 J/cm?. The average and standard deviation are shown under each irradiation condition.

Fluence [J/cm?]
6 10 14
Ablation depth [mm]

Q -switched Er:YAG laser
Sound dentin 0.049 £ 0.011 0.228 + 0.005 0.354 +0.013
Caries model 0.218 £0.016 0.292 £ 0.095 0.437 + 0.031
Free-running Er:-YAG laser
Sound dentin 0.008 + 0.002 0.010 + 0.001 0.022 £ 0.004
Caries model 0.076 +0.003 0.080 + 0.005 0.156 + 0.003

In Figure 2.3, the selective removal of caries models at the significance of 0.5 % with the
O-switched Er:YAG laser was observed only at the fluence of 6 J/cm?. Here, it was hypothesized that
the differences in peak power intensity might be responsible for the differences in the selectivity of
caries removal because the fluences and pulse reputation rates were set to the same between the
O-switched Er:YAG laser and the free-running Er:YAG laser. Total applied doses can be adjustable
by changing the pulse repetition rate of the O-switched Er:YAG laser to 10, 16, or 23 Hz instead of
changing the ND filters. When the total applied doses were changed with the pulse repetition, the
peak power density can be constant. Figure 2.4 shows the ablation depth of sound dentin slices and
caries models irradiated by the O-switched Er:YAG laser and the free-running Er:YAG laser at the
pulse repetition rate of 10, 16, or 23 Hz. The peak power density under all conditions was constant at
6.0 x 107 W/cm?, which corresponds to that for the fluence of 6 J/cm? in Figure 2.3. In Figure 2.3,
the selective ablation of the caries model was observed for the (O-switched Er:YAG laser at a
probability value of p < 0.005 only with the peak power density of 6.0 x 107 W/cm?. On the other
hand, the selective removal of the caries model was observed at the total applied dose of 120 J/cm?
at 10 Hz, 200 J/cm? at 16 Hz, or 280 J/cm? at 23 Hz of the Q-switched Er:YAG laser at the
significance of 0.5 % as shown in Figure 2.4. The result suggested that the peak power density was
the important parameter related to the selective removal of caries. In addition, the increase of

ablation depth was only related to the higher number of pulses because the peak power was constant.
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Figure 2.4 Relationships between ablation depth and the total applied dose adjusted with
changing the pulse repetition rate of 10, 16, or 23 Hz using the Q-switched Er:YAG laser. (n = 3,
*p < 0.005) The significant difference of ablation depth between sound dentin and caries model
was confirmed at the total applied dose of 120, 200 and 280 J/cm?.
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2.4.2 Temperature measurements

The temperature change in the back of the sample during the Q-switched Er:YAG laser
irradiation was measured for bovine sound dentin slices to evaluate the thermal effect with the
O-switched Er:YAG laser irradiation to the dental pulp. Figure 2.5 shows the experimental results of
temperature measurement of the back in the sound dentin slice sample with the irradiation of the
O-switched Er:YAG laser at the peak power density of 6.0 x 107 W/cm?. The peak power density
was the condition where the ablation selectivity of caries was observed as shown in Figure 2.3 and
2.4. In Figure 2.5, the line and dotted lines showed the change of temperature and the error bar
showed the standard deviation. The samples were heated and kept at 37 °C to simulate the
temperature of the human body, and the laser was irradiated at the time of 0 s. After the beginning of
the laser irradiation at the point of O s, the temperature started to increase for less than 10 s. The
maximum temperature increase was about 2 °C at the total applied dose of 240 J/cm?, which showed
that the temperature increase in the back on the sample was below 5 °C following the laser
irradiation for 1, 2, or 4 s, which had a total applied dose of 60, 120, or 240 J/cm?, respectively. The
results suggested that the temperature increase in the dental pulp due to laser irradiation with the
O-switched Er:YAG laser with the peak power density of 6.0 x 107 W/cm? can be suppressed to less
than 5 °C and the necrosis of the pulp due to the thermal effects of the laser irradiation could be

prevented.
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Figure 2.5 Temperatures for the back side on the sample of sound dentin slices irradiated at the
total applied dose of 60, 120, 240 J/cm? at 10 Hz with the Q-switched Er:-YAG laser (n = 5). The
line and dotted lines showed the change of temperature and the error bar showed the standard

deviation. The laser was irradiated at the time of 0 s.
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2.5 Discussion

2.5.1 Ablation mechanism with the Q-switched Er:YAG laser

The ablation mechanism with the O-switched Er:YAG laser should be discussed. In Figure 2.3,
the ablation depths by the O-switched Er:YAG laser were about three times larger than the
free-running Er:YAG laser. With regard to the ablation efficiency, the O-switched Er:YAG laser
could be superior to the free-running Er:YAG laser and could be advantage to the conventional
micro-second pulsed free-running Er:YAG laser. The selectivity of caries removal looked better for
the free-running Er:YAG laser because the significant difference was confirmed at the fluence of 6,
10 and 14 J/cm?. However, the thermal effect of the free-running Er:YAG laser was not acceptable
without water spray, and in fact the dentinal tubules melted after irradiation with the free-running
Er:YAG laser due to the thermal effect as confirmed in the morphological observation of the laser
irradiation area with SEM.

The dentin ablation mechanisms by the two lasers might originate from two ablation processes:
photothermal and photomechanical. In photothermal ablation, the temperature increase in the
dentin surface can be caused when the laser reaches the boiling point of the hydroxyapatite around
3200 °C [71], or the organic matter in the dentin is evaporated and removed. On the other hand, the
tissue is removed by the stress wave generated in the thermal elasticity process before the
temperature increase reaches the substance’s boiling point in photomechanical ablation [61]. The
reaction of the separation of substances generates the stress and shock waves, which causing
destruction of the hard dentin. The dominant mechanism for the ablation by the two lasers
including the O-switched Er:YAG laser and the free-running Er:YAG laser could be discussed with
a stress-confinement condition. Stress confinement was established when the pulse duration was
much less than the stress-relaxation time: Tgress- Thus, the mechanical interaction could be used
effectively, and the photomechanical ablation becomes dominant [72]. Tsess Was calculated as
below:

Tstress = L, (1
HaCs
where ¢s was the speed of sound in a light-propagating tissue and u. was an absorption coefficient.
The ¢, values in sound and caries dentin were reported as 3.68 x 10° and 1.60 x 10° cm/s,
respectively [73]. Therefore, the g5 Values at the wavelength of 2.94 um of sound and caries
dentin were calculated to 2.8 and 4.0 ns, respectively. The photothermal ablation should be dominant
from the consideration of the pulse durations of the two lasers. However, the pulse duration of the
O-switched Er:YAG laser was closer to Tgiress than that of the free-running Er:YAG laser though

the stress confinement condition was not satisfied for the O-switched Er:YAG laser. Therefore, the
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stress diffusion was smaller and the mechanical interaction could be used more effectively.

The factor related to the selectivity of caries removal should be discussed. The selectivity of the
caries model was observed at the low peak power density below 6.0 x 10”7 W/cm? as shown in
Figures 2.3 and 2.4. This suggested that the peak power density might be the ablation threshold
value. Two main differences could be discussed between the sound dentin slices and caries models.
The difference in the absorption spectra was the first one. At the wavelength of 2.94 pm, the
absorption coefficient of the sound and caries models were 2579 cm™! and 7727 cm™!, respectively.
The caries model can absorb about three times more light than the sound dentin from the difference
of absorption coefficient, which causes the ablation selectivity of caries. Mechanical strength (i.e.,
hardness) was the second difference. The mechanical strength of dentin was influenced by
hydroxyapatite. The mechanical strength of dentin degraded by decreasing the rate of hydroxyapatite
due to demineralization [74]. The Vickers hardness of sound bovine dentin and caries bovine dentin
has been reported to 53.5 and 7.7, respectively [66]. The mechanical strength of caries dentin should
be lower than the sound dentin, which suggests that the stress should easily reach the ablation
threshold. On the other hand, the mechanical effect obtained at the low peak power density of 6.0 x
107 W/cm? could not be reached to the ablation threshold because the mechanical strength of the
sound dentin was higher than the caries dentin. Consequently, the selective ablation was confirmed

at the low peak power density.

2.5.2 Thermal effect with the Q-switched Er:YAG laser

In the caries treatment with Er:YAG laser, water spray is used because it induces a cavitation
effect in water on dentin [57] and cooling due to the thermal effect of the laser in the treatment
process, but sound dentin is also ablated, and the selectivity of the caries is sometimes poor for
dental caries removal with water spray [59]. In this study, the Q-switched Er:YAG laser was
evaluated to achieve the selective removal for caries without water spray. Figure 2.2 showed that
from the morphological observation of the laser irradiation area by SEM, it was suggested that the
O-switched Er:YAG laser could suppress the thermal effect compared with the free-running Er:YAG
laser. Non-melting of dental tissue was confirmed with the Q-switched Er:YAG laser satisfying the
thermal confinement condition. The uneven scale-like structure observed in the irradiation area with
the free-running Er:YAG laser was not observed with the O-switched Er:YAG laser and the surface
of dentin after the laser irradiation was smooth.

For the safely caused by the thermal effect by laser irradition, the temperature increase of the
dental pulp needed to be evaluated because the temperature of the dental pulp increases in proportion
to the irradiation energy without sprayed water, and the pulp becomes necrotic [68]. The necrosis of
dental pulp was induced when the pulp temperature increased by 5 °C or more [69, 71]. Therefore,

the temperature increase of the pulp due to laser irradiation should be below 5 °C without water
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spray, and the temperature change in the back of the sample during the Q-switched Er:YAG laser
irradiation was evaluated for bovine sound dentin slices. In Figure 2.5, the temperature increase in
the back on the sample was below 5 °C following the laser irradiation for 1, 2, or 4 s, which had a
total applied dose of 60, 120, or 240 J/cm?, respectively. The results suggested that the temperature
increase in the dental pulp due to laser irradiation with the O-switched Er:YAG laser with the peak
power density of 6.0 x 107 W/cm? can be suppressed to less than 5 °C and the necrosis of the pulp
due to the thermal effects of the laser irradiation could be prevented. The result could be one basis

for explaining the safety of the Q-switched Er:YAG laser for future clinical use.

2.5.3 Possibility of selective removal for caries with Q-switched Er:YAG laser

The characteristics of laser ablation to dentin slices were examined and compared between the
O-switched Er:YAG laser with a pulse duration of 80-130 ns and the free-running Er:YAG laser
with a pulse duration of 200-300 ps without water spray to develop a less-invasive laser caries
treatment using the O-switched Er:YAG laser. In this study, caries-selective removal was observed at
the low peak power density of 6.0 x 107 W/cm? with the Q-switched Er:YAG laser that satisfied the
thermal confinement conditions. Compared to the free-running Er:YAG laser, many open dentinal
tubules were observed but not an uneven scale-like structure with the Q-switched Er:YAG laser, and
the O-switched Er:YAG laser could suppress the thermal effect. In addition, the experiment for
temperature measurement suggested that the temperature increase in the dental pulp due to laser
irradiation can be suppressed to less than 5 °C by the O-switched Er:YAG laser with the peak power
density of 6.0 x 107 W/cm?, and dental pulp necrosis can be suppressed without water spray.

In this study, the conditions of the O-switched Er:YAG laser were led for the selective removal
for caries, but it must be considered that the conditions were applied to the samples used in this study.
Bovine sound dentin slices with a size of 10 x 10 x 1 mm? were used as samples in this study, and
caries models were prepared by immersing sound dentin slice samples into 0.1-M lactic acid solution
at 37 °C while stirring for 24 h [66]. However, there are various degrees of progression of caries, and
it remains unclear which irradiation conditions of the Q-switched Er:YAG laser are optimal for each
progression of caries. To realize caries-selective removal with the QO-switched Er:YAG laser, laser
irradiation conditions need to be determined according to the caries condition, and it is necessary for

the caries conditions to be clear before the laser irradiation.

2.5.4 Relationship between selective removal for caries and dentin hardness

The selective ablation of the caries model was observed for the O-switched Er:YAG laser with
controlling the peak power density, but the condition of demineralization to create the caries model
was standardized in this experiment,. However, in the clinical situation, the condition and the degree

or progression of caries are various, which suggests that the optimal condition of laser irradiation for
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each caries could be unclear. In the previous study, the nanosecond pulsed laser the wavelength of
5.85 um was found to be effective for selective removal of caries dentin, and the ablation property of
dentin at the wavelength of 5.85 um was investigated based on dentin hardness [22,66,75]. The
previous study showed the relationship between ablation depth and Vickers hardness of human
dentin with a nanosecond pulsed laser with the wavelength of 5.85 pm at the average power density
of 30 W/em? for 2 seconds [22]. The caries dentins were divided into 3 types of ‘Remove’, ‘Not
remove’ and ‘Unclear’ by the two dentists with inspection and palpation before the laser irradiation.
The previous study suggested that a trend of decreasing depth of laser ablation was observed as
Vickers hardness increased, which indicated that the laser ablation characteristics of dentin were
dependent on hardness. In other words, the caries selective removal could be difficult to achieve in
the clinical situation without the information of dentin hardness, and the information of dentin

hardness is required in a clinical situation for the selective removal for caries.
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2.6 Conclusion of this chapter

The purpose of the study in this chapter was to develop a less-invasive laser caries treatment
using the Q-switched Er:YAG laser for achieving a caries treatment with minimal intervention. The
characteristics of laser ablation to dentin slices were examined and compared between the
O-switched Er:YAG laser with the pulse duration of 80-130 ns and the free-running Er:YAG laser
with the pulse duration of 200-300 ps without water spray. The suppression of thermal effect
without water spray was expected with the O-switched Er:YAG laser to achieve the selective
removal for caries because the Q-switched Er:YAG laser was able to satisfy the thermal confinement
condition due to the nano-second pulse duration around 100 ns. The thermal effect on the safety for
dental pulp was also evaluated with temperature measurement with the laser irradiation. The ablation
selectivity of the caries model was observed at the low peak power density of 6.0 x 107 W/cm?. The
ablation depths of the caries model by the O-switched Er:YAG laser were about three times larger
than those using the free-running Er:YAG laser. In addition, the Q-switched Er:YAG laser with
irradiation for 1, 2, or 4 s could suppress the dental pulp necrosis because the temperature increase in
the back of the sample was below 5 °C. However, the selective ablation of the caries model was
observed for the O-switched Er:YAG laser with controlling the peak power density in this study, but
the condition of demineralization to create the caries model was standardized in this experiment,. In
the clinical situation, the condition and the degree or progression of caries are various, which
suggests that the optimal condition of laser irradiation for each caries could be unclear. In the
previous study, the correlation between the laser ablation depth and the Vickers hardness, which
indicated that the laser ablation characteristics of dentin were dependent on hardness. The caries
selective removal could be difficult to achieve in the clinical situation without the information of
dentin hardness, and the information of dentin hardness was required to understand the condition of

caries before laser treatment with the selectivity of caries removal.
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Chapter 3

Demonstration of an optical dentin hardness
measuring device using bovine dentin

with different demineralization times

3.1 Introduction

3.1.1 Significance of dentin hardness measurement

In Chapter 2, the selective ablation of the caries model was observed for the O-switched Er:YAG
laser with controlling the peak power density, but the condition of demineralization to create the
caries model was standardized in this experiment. In the clinical situation, the condition and the
degree or progression of caries are various, which suggested that the optimal condition of laser
irradiation for each caries could be unclear and the condition of caries needed to be understood. In
the previous study, the correlation between the laser ablation depth and the Vickers hardness was
confirmed [22], and it was suggested that the information of detin hardness was important for the
selective removal of caries. In addition, hardness testing is an indirect method to track changes in the
mineral content of dentin [76,77], and the information of dentin hardness is crucial for a diagnostic
perspective as well as the therapeutic perspective.

Caries, especially root caries is diagnosed by inspection and palpation. The indicators contain the
color, surface texture, and hardness of the lesion [23,24]. Although the diagnosis is based on
inspection and palpation, there is no clear color change in the initial root caries [25], and palpation is
performed using a dental probe. Hence, the diagnosis is qualitative depending on denstists. Hardness
of dentin becomes softer with the progress of caries, but the diagnosis using a dental probe depends
on the dentist’s sensitivity to pressure changes when inserting and removing the probe. In fact, the
kappa statistics for the inspection and palpation for root caries are as low as 30 % to 51 % [26],
which is very low. The quantification could improve the uncertainty of the current diagnosis of

caries and might be used for definite diagnosis in cases where dentists have difficulty making
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decisions. Therefore, a method to objectively and quantitatively measure the dentin hardness and

evaluate the activity and progress of root caries in a clinical setting is strongly required.

3.1.2 Dentin hardness evaluation methods

The diagnosis methods such as inspection and palpation are qualitative, and a method to
objectively and quantitatively measure the dentin hardness and evaluate the activity and progress of
root caries in a clinical setting is strongly required. Obvious caries lesions may be seen on a simple
visual clinical examination [78]. Adjunctive information or evidence of enamel roughness and
softening of dentin is provided by the palpation method using an explorer or dental probe [79]. In the
WHO method, lesions are classified into two stages (leathery, soft) by palpation with a community
periodontal index (CPI) dental probe [80]. In addition, the International Caries Detection and
Assessment System (ICDAS), which is an international caries diagnosis and assessment system, has
proposed a clinical classification of the depth of the actual lesion determined using the tip of the CPI
dental probe for the pathology of root caries [81]. However, the initial caries does not show a clear
color change [82]. These international methods for diagnosis are also not quantitative but qualitative.

In terms of some quantitative methods for hardness evaluation, Vickers or Knoop hardness has
been customarily used as an indicator of tooth hardness [83]. Both tests evaluate hardness by
measuring the indentation size after pressing and removing an indenter of a quadrangular pyramid
with a constant load on the target object. A drawback of these methods is that the measurement
requires a dry sample because samples with a large elastic deformation like a tooth with caries does
not maintain the indentation. Therefore, hardness measurements cannot be performed on an in vivo
tooth. The tooth must be extracted prior to evaluation. Another technique to quantify the hardness of
teeth in research is Cariotester. Cariotester is registered as a medical device in Japan. In this
technique, paint is applie to the tip of a metal indenter and the length of the part where the paint
disappears after contacting the tooth is measured [84]. Because the measurement procedure is
complicated and requires a microscope for observations, this technique is difficult to utilize in
clinical settings.

An objective and quantitative method to measure dentin hardness and evaluate the activity and
progression of root caries in a clinical setting has yet to be established. A quantitative evaluation of
hardness of in vivo teeth in the clinical setting may accurately evaluate the activity and progress of
root caries, which may increase early detection of initial root caries and reduce the risk of becoming

severe.

3.1.3 Optical dentin hardness measuring device (HAMILTOM)
In the situation that an objective and quantitative method to measure dentin hardness and

evaluate the activity and progression of root caries in a clinical setting had yet to be established, an
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objective and quantitative method to evaluate dentin hardness used easily in a clinical practice, a
new technique and a device were proposed to easily measure the hardness of in vivo teeth using a
light-emitting diode (LED). This technique is called “HAMILTOM,” which stands for “hardness
meter using indenter with light for tooth monitoring.” HAMILTOM has been developed to quantify
the hardness of dentin from the contact projection area (dark area) between the indenter and dentin
when the indenter is pressed into the dentin by adding a load. It is expected to measure dentin
hardness and evaluate the condition and progression of caries in a clinical setting, which could lead
to a proper judgement for caries treatment. It should be noted that it is difficult to be used in

proximal parts of teeth, but it could be used in root caries focused on this study.

3.1.4 Purpose of the study in this chapter

The objective and quantitative method to measure dentin hardness and evaluate the activity and
progression of root caries in a clinical setting had been required from the perspective of realization
of selective removal for caries by understanding the condition of caries and set the proper laser
irradiation conditions and realization of quantitative root surface caries diagnosis. From the
background, HAMILTOM has been developed as an optical dentin hardness measuring device in this
study. The first purpose of this study was the demonstration of the basic principle of HAMILTOM
using bovine dentin samples with different demineralization times. The dark areas and Vickers
hardness were measured by HAMILTOM and a conventional Vickers hardness tester respectively,

and the correlation between the dark area and the Vickers hardness was evaluated.
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3.2 Materials and Methods

3.2.1 Sample preparation

The samples were twenty bovine sound dentins in the experiments of this study for the
demonstration of the basic principle of HAMILTOM. Bovine dentins were used for two reasons.
First, the samples were easily collected since bovine dentins are larger than human ones. Second, the
samples with uniform sizes were obtained, allowing multiple points to be measured in each sample.
The samples were used for the evaluation of the correlation between dark areas measured by
HAMILTOM and Vickers hardness. This study was performed after the acquisition of approval from
the Animal Care and Use Committee, Osaka Dental University (Approval No. 19-12001). Figure 3.1
illustrates the procedure for preparation of dentin samples from cutting, embedding to epoxy resin
and cure for at least 24 hours, to mirror polishing of sample surface. As the first step, the extracted
bovine tooth was cut perpendicular to the running direction of the dentinal tubules. The size of cut
dentin samples were approximately 20 x 10 x1 mm?. In order to protect the dentinal tubules from the
epoxy resin solution, a manicure was applied to the back and all sides of the dentin samples prior to
embedding. In the second step, the dentin samples were embedded in an epoxy resin (Crystal Resin,
NISSIN RESIN, Japan) utilizing silicone molds and left to cure for at least 24 h, and then they were
removed from the molds. Third, the sample surfaces were mirror polished under water injection
using waterproof abrasive papers #400, 800, and 2000 (Kohnan, Japan) and a lapping film #8000
(LF1D, Thorlabs, USA) to create a horizontal hardness measurement surface. The sample tilt was
adjusted to 1 deg or less during polishing for the sample orientation of 90 deg to the indenter. In
addition, ultrasonic cleaning was performed for 2 minutes using a desktop ultrasonic cleaner (B2210,
Branson Ultrasonic, USA) to remove the resin pieces and the inorganic components of dentin
generated by polishing from the dentinal tubules. The twenty dentin samples prepared in the

procedure were divided into two groups (group 1 and 2).
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Epoxy resin
Sample (20 X 10X 1 mm3) Manicure Sample surface

Enamel

Dentin
I

Manicure on five sides

excluding the top side Epoxy resin

Sample (Top side down)

(a) Cutting (b) Embedding (c) Mirror polishing

Figure 3.1 Procedures to prepare dentin samples: (a) cut the extracted bovine tooth samples to the
size of approximately 20 x 10 x 1 mm?. Black manicure was Applied to the back and all sides of
the dentin prior to embedding to protect the dentinal tubules from the epoxy resin solution. (b)
Embed the sample in epoxy resin by using a silicone mold and let cure for at least 24 h. (c)
Remove the tooth sample from the mold. The surface was and mirror polished under water

injection using waterproof abrasive papers and a lapping film.

The caries models were prepared with the artificial demineralization. To create the caries models,
the dentin samples were immersed in a lactic acid solution [85,86]. Lactic acid (20006-75, Nacalai
Tesque, Japan) and distilled water were mixed in a beaker to prepare 1 L of 0.1M demineralization
solution. The beaker was placed in a constant temperature water bath (TM-3A, AS ONE, Japan) to
hold the solution temperature at 37 °C. The solution was stirred with a stirrer (HE-16GA, KPI,
Japan) at the rotation speed of 1000 rpm and a pH was maintained at 2 during the demineralization
process. Next, each dentin sample was immersed in the solution for a predetermined time. The
demineralization time was set to 0, 0.25, 0.5, 0.75, 1, 2, 4, 6, 12, or 24 h to create caries simulated
models with various hardness. After demineralization, the samples were removed from the beaker
and washed with tap water and stored in saline (Otsuka Pharmaceutical, Japan) at 4 °C. For the
demonstration of the basic principle of HAMILTOM, the twenty sound dentin samples were divided
into two groups of ten samples each (groups 1 and 2). A group contained ten samples in which each

sample was demineralized for different duration times.
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3.2.2 Optical dentin hardness measuring device (HAMILTOM)

Figure 3.2 shows a schematic illustration of HAMILTOM for the demonstration of the basic
principle of HAMILTOM. HAMILTOM is a device that measures the hardness of dentin from the
dark area, which is the contact area between the indenter and the dentin when the indenter is pressed
into the dentin by adding a load. HAMILTOM includes an optical system composed of an LED with
a 455-nm center wavelength, a film diffuser (#17-682, Edmund Optics, USA), a beam splitter
(#47-007, Edmund Optics), a transparent conical glass indenter with a 90-deg apex angle (#49-397,
Edmund Optics), a lens with a 30-mm focal length (#45-134, Edmund Optics), and a CMOS camera
(IDIMB-MDL-U, iDule, Japan) in a lens barrel. It should be noted that the coating of glass indenter
was removed by immersing the indenter in hydrochloric acid before use after purchasing the glass
indenter which originally had an aluminum mirror coating. The LED light passing through the film
diffuser was incident on the indenter. The reflected light was reflected toward the camera by the
beam splitter, and the image of the tip of the glass indenter was projected on the CMOS camera
using a lens with about threefold magnification. Out of the lens barrel, a capacitive load sensor with
an 8-mm diameter and 0.3-mm thickness (SingleTact S8-1N, Pressure Profile Systems (PPS), USA),
a load sensor extension cable (SingleTact Tail-Extender, PPS), and an I’C digital interface board
(SingleTact Standard Electronics, PPS) were placed inside of a handpiece housing. The lens barrel
rotates around the rotation axis by applying a load to the tip of the indenter, and then the lens barrel
and the housing applied the load to the capacitive load sensor. The load applied to the capacitive load
sensor was continuously monitored and recorded on a tablet PC (Surface Go 2, Microsoft, USA)
through the 1>C digital interface board and a microcontroller (PSoC 5LP, Cypress Semiconductor,
USA). An image of the indenter at the time when the load reached the set value measured by the load

sensor was acquired automatically by the CMOS camera using the in-house software.
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Figure 3.2 Schematic illustration of the HAMILTOM handpiece device. Image of the tip of the
glass indenter was projected onto the CMOS camera with a threefold magnification using the
LED light. By applying a load to the tip of the indenter, the lens barrel rotated around the
rotation axis. Then the lens barrel and the housing applied the load to the load sensor. When the
load reached the set value, the CMOS camera acquired an image of the indenter.

3.2.3 Measurement principle of HAMILTOM

The measurement principle of HAMILTOM is based on a total internal reflection using the
differences in the refractive indexes of air, the indenter, and dentin. Figure 3.3 illustrates the
measurement principle of HAMILTOM. When the indenter is not in contact with the dentin, a total
internal reflection occurs at the boundary between the glass indenter and the air. Therefore, the
indenter appears bright in the image of reflected light from the glass indenter taken with the CMOS
camera. On the other hand, when the indenter comes into contact with the dentin, a total internal
reflection does not occur. Thus, the indenter at the contact area appears dark because the refractive
index of N-BK7 (1.51), which is the material of the glass indenter [87], and that of dentin (1.54) are
designed to be close [88]. It is assumed that the softer the dentin, the more the dark area increases by
measuring the dark area when a constant load is applied to the tip of the indenter. Therefore, the
hardness of the dentin can be assessed by measuring the dark area when a constant load is applied to
the tip of the indenter. Dentin becomes softer with the progressoin of caries. It is expected that the
dark area indicates the degree of caries progression using the value of dark area because the dark
area should increase witht the progression of caries compared to sound dentin. The physical
interpretation of dark area measured by HAMILTOM has to be clarifed, but it is assumed that the
dark areas are not the size of the indentation and the influence of another factor that should be the
water exuded by the contact of the indenter is significant, and it is considered that the indentation

might not remain after removing the indenter from dentin due to the elastic recovery of dentin.
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Figure 3.3 Principle of measuring the dark area projected between the glass indenter and dentin.
When the indenter contacted with dentin, a total internal reflection of LED light did not occur,
and the indenter at the contact area appeared dark because the refractive indices of the glass
indenter and dentin were similar. (a) Dark area for sound dentin was small at a constant load of
50 gf (~0.49 N) because the sound dentin was hard. (b) The dark area for demineralized dentin is

larger for the set load because the demineralized dentin was softer than sound dentin.

3.2.4 Calculation of the dark area

In this study for the demonstration of the basic principle of HAMILTOM, the dark areas were
measured using HAMILTOM for the dentin samples with various demineralization time. Before
each measurement, the dentin samples were immersed in saline for at least 24 hours to make them
moist. Figure 3.4 shows a photograph of the experimental setup to measure the dark areas using
HAMILTOM in this study. HAMILTOM was fixed with a fixed base so that the indenter tip was
oriented vertically downward. The dentin sample from which the surface moisture was blown off by
air was placed on a stage directly below the indenter of HAMILTOM. The threshold of the load
sensor for calculation of the dark area was set to 50 gf for the demonstration of the basic principle of
HAMILTOM. The stage was manually raised in the vertical direction slowly. The CMOS camera

acquired an image once the load reached the specified value. For the verification of the load added to
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the tip of indenter, the load was also measured by an electronic balance (ACS-5000, AS ONE, Japan)
for each measurment. The accuracy of the electronic balance was confirmed before and after the
experiments using a standard weight set (3-9951-04, AS ONE). Prior to the experiment, a coefficient,
which was multiplied with the measured value of the load sensor, was adjusted to match the load
measured with the electronic balance. After setting the dentin sample on the electronic balance, the
electronic balance was reset to zero to eliminate the influence of the slight weight differences of each
sample. Images of the dark area were acquired at three different positions for each dentin sample. To
make it easier to find the indentation points after the first measurement, the measurement interval
was standardized to 500 pm using the stage for the for the evaluation of mechanism and
invasiveness of HAMILTOM. After each measurement, a lens cleaning paper (EK1546027S, Tiffen,
USA) with ethanol was used for clean to remove the water and deposits on the indenter surface. In
order o calculate the dark area, a reference image was obtained before the indenter was brought into
contact with the sample. Once the reference image was acquired, the load measured with the load
sensor was reset to zero to cancel the long-term drift of the sensor. Next, an image was acquired after
the indenter was brought into contact with the sample, and then the reference was subtracted from
the image. A binarized image was created with a threshold of 50 % of the maximum brightness of
the subtracted image. In the binarized image, the contact area were appeared as bright pixels. Finally,

the dark area was calculated from the number of bright pixels in the binarized image.
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Figure 3.4 Image of the experimental system for the measurement of dark areas with
HAMILTOM. HAMILTOM was fixed at the base first, and the dentin sample was located
directly below the indenter of HAMILTOM. The stage was slowly raised vertically, and an
image acquired with the CMOS camera when the load reaches 50 gf (~0.49 N). At the same time,
the load was measured by an electronic balance to confirm the accuracy of the load measured by

the load sensor.
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3.3 Evaluation

3.3.1 Vickers hardness

In this study, the Vickers hardness was measured as the conventional hardness indicator. The
Vickers hardness was measured using a Vickers hardness tester (HMV-G30S, Shimadzu, Japan) for
each sample with different demineralization times. Conventionally, the Vickers hardness is measured
in dry conditions because it is conceivable to create clear indentations on a sample in wet conditions
with a large elasticity such as demineralized dentin. From the concerns, the dentin samples in this
study were dried in a 23 °C indoor environment at 25 % humidity for 18 hours before the hardness
measurements for the demonstration of the basic principle of HAMILTOM. In terms of the
measurement conditions, the test load was set to 500 gf (~ 4.9 N), the load holding time was 10 s,
and indentations were made on the dentin samples. The Vickers hardness was calculated by
measuring the length of the diagonal line of the indentation by observing the indentation with the
microscope of the hardness tester. The Vickers hardness of each sample was measured at three
different positions in this study. The measurement points were within a 5-mm diameter with respect

to the measurement points with HAMILTOM.

3.3.2 Comparison between dark area and Vickers hardness

For the demonstration of the basic principle of HAMILTOM, the correlation between dark area
measured by HAMILTOM and Vickers hardness was investigated. Firstly, the dark area and the
Vickers hardness of the ten dentin samples in group 1 were measured with HAMILTOM and the
Vickers hardness tester, respectively. A calibration curve was created to calculate the Vickers
hardness from the dark area measured with HAMILTOM from the result of group 1. After the
calibration curve creation, the dark area and the Vickers hardness of the ten samples in group 2 were
measured with HAMILTOM and the hardness tester, respectively with the same procedure as group
1. Finally, using the aforementioned calibration curve, the Vickers hardness were measured using
both HAMILTOM and the Vickers hardness tester, and then the correlation between both methods
was evaluated as the demostration of the basic principle of HAMILTOM.
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3.4 Results

3.4.1 Hardness measurement of group 1

Figure 3.5 shows typical images of the reflected light from the glass indenter taken with the
CMOS camera when measuring the dark areas of the samples in groups 1. Images for dentin samples
with different demineralization times (0, 0.25, 0.5, 0.75, 1, 2, 4, 6, 12, or 24 h) were shown for group
1. The scale bar showed the length of 500 um. When the dark areas were measured, the load values
measured by the electronic balance were 46 to 54 gf, which suggested the load measured by the load
sensor of HAMILTOM in this study had the measurement accuracy of +4 gf. The surface quality of
the glass indenter was not changed due to the repeated measurement in this study because the
threshold of the load sensor was set to 50 gf and reduced the burden on the indenter. With the
increase of demineralization time, the areas appearing black without a total internal reflection of the
indenter increased and the shape were shown as circles. Any shape assumed as the influence of
dentinal tubules were not observed in the images of the reflected light from the indenter. It is

suggested that the influence of the porosity of the dentin to the dark area should be not considered.

rr 000
00000

Figure 3.5 Typical images of reflected light from the glass indenter taken with the CMOS
camera. Images for dentin samples with different demineralization times (0, 0.25, 0.5, 0.75, 1, 2,

4,6, 12, or 24 h) were shown for group 1. The scale bar showed the length of 500 pm.
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Table 3.1 describes the changes in the dark area and the Vickers hardness for group 1 with
different demineralization times. Figure 3.6 plots the dark area, Vickers hardness, and their
relationship for the samples in group 1; (2) Changes in the dark area with different demineralization
times. (b) Changes in the Vickers hardness with different demineralization times. (c) Relationship
between the dark area and the Vickers hardness. Dashed line showed the approximate expression. A
determination coefficient was also shown for (c). Each graph showed the mean and standard
deviation of three measurements.

As the demineralization time increased, the dark areas increased, but the change within 1 hour of
demineralization time was smaller than the longer demineralization time. Additionally, the Vickers
hardness decreased to less than half of that of the sound dentin at a demineralization time of 6 h.
From the measurement results of dark area and Vickers hardness, the calibration curve was created
for group 1. A power approximation as the calibration curve showed a determination coefficient of

0.96, and the correlation between the dark areas and the Vickers hardness were confirmed.

Table 3.1 Dark area and the Vickers hardness of the samples in group 1. Mean and standard

deviation (SD) of three measurements with each demineralization time are shown.

Demineralization time (h)

0 0.25 0.5 0.75 1 2 B 6 12 24

Dark area (mm?) Mean 0.0026 0.013 0.011 0.011 0.016 0.053 0.07 0.11 025 0.39
SD 0.0001 0002 0.003 0001 0003 0.006 0.02 0.01 0.01 0.04
Vickers Mean 44 40 37 35 33 27 23 21 18 17

hardness (HV)
sD 3 4 2 1 1 1 1 1 1 1
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Figure 3.6 Dark area, Vickers hardness, and their relationship for the samples in group 1. Each
graph shows the mean and standard deviation of three measurements. (a) Changes in the dark
area with different demineralization times. (b) Changes in the Vickers hardness with different
demineralization times. (c) Relationship between the dark area and the Vickers hardness. Dashed

line showed the approximate expression. A determination coefficient was also shown for (c).
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3.4.2 Hardness measurement of group 2

Figure 3.7 shows typical images of the reflected light from the glass indenter taken with the
CMOS camera when measuring the dark areas of the samples in groups 2. Images for dentin samples
with different demineralization times (0, 0.25, 0.5, 0.75, 1, 2, 4, 6, 12, or 24 h) were shown for group
2. The scale bar showed the length of 500 pum. When the dark areas were measured, the load values
measured by the electronic balance were 46 to 54 gf, which suggested the load measured by the load
sensor of HAMILTOM in this study had the measurement accuracy of £4 gf. The surface quality of
the glass indenter was not changed due to the repeated measurement in this study because the
threshold of the load sensor was set to 50 gf and reduced the burden on the indenter. With the
increase of demineralization time, the areas appearing black without a total internal reflection of the
indenter increased and the shape were shown as circles. Any shape assumed as the influence of
dentinal tubules were not observed in the images of the reflected light from the indenter. It is

suggested that the influence of the porosity of the dentin to the dark area should be not considered.

rr. rl ][1[]
30000

Figure 3.7 Typical images of reflected light from the glass indenter taken with the CMOS
camera. Images for dentin samples with different demineralization times (0, 0.25, 0.5, 0.75, 1, 2,
4, 6, 12, or 24 h) were shown for group 2. The scale bar showed the length of 500 pum.
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Table 3.2 describes the changes in the dark area and the Vickers hardness for group 1 with
different demineralization times. Figure 3.8 plots the dark area, Vickers hardness, and their
relationship for the samples in group 2; (a) Changes in the dark area with different demineralization
times. (b) Changes in the Vickers hardness with different demineralization times. (c) Relationship
between the dark area and the Vickers hardness. Dashed line showed the approximate expression. A
determination coefficient was also shown for (c). Each graph showed the mean and standard
deviation of three measurements. As the demineralization time increased, the dark areas increased as
shown in group 1. A power approximation for the relationship between the dark area and Vickers
hardness showed a determination coefficient of 0.98, and the correlation between the dark areas and

the Vickers hardness were confirmed in group 2.

Table 3.2 Dark area and the Vickers hardness of the samples in group 2. Mean and standard

deviation (SD) of three measurements with each demineralization time are shown.

Demineralization time (h)

0 0.25 0.5 0.75 1 2 4 6 12 24

Dark area (mm?) Mean 0.0032 0.008 0.006 0.011 0.013 0.023 0.06 0.13 019 0.53
SD  0.0002 0.002 0.003 0009 0.003 0.002 0.02 0.05 0.05 0.01
Vickers Mean 43 41 38 35 31 29 24 21 19 14

hardness (HV)
SD 3 3 2 1 1 2 1 1 1 1
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Figure 3.8 Dark area, Vickers hardness, and their relationship for the samples in group 2. Each

graph showed the mean and standard deviation of three measurements. (a) Changes in the dark

area with different demineralization times. (b) Changes in the Vickers hardness with different

demineralization times. (c) Relationship between the dark area and the Vickers hardness. Dashed

line showed the approximate expression. A determination coefficient was also shown for (c).
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3.4.3 Comparison between group 1 and group 2

The dark area and the Vickers hardness of the ten dentin samples in group 1 were measured with
HAMILTOM and the Vickers hardness tester, respectively, and the calibration curve was created to
calculate the Vickers hardness from the dark area measured with HAMILTOM from the result of
group 1. Then the dark area and the Vickers hardness of the ten samples in group 2 were measured
with HAMILTOM and the hardness tester, respectively. Finally, the Vickers hardness were measured
using both HAMILTOM and the Vickers hardness tester using the aforementioned calibration curve.
Figure 3.9 shows the relationship between the Vickers hardness of group 2 calculated by the dark
areas of group 2 and the calibration curve obtained in group 1 and the Vickers hardness of group 2
measured by the Vickers hardness tester. A strong correlation with a determination coefficient of
0.99 were shown in Figure 3.9. Furthermore, p-value of Pearson’s correlation coefficient was 3 x
1077, and the p-value was smaller than the significance level of 5 %. Therefore, it was suggested that
the correlation between the Vickers hardness measured using both HAMILTOM and the Vickers
hardness tester was significant, and it was suggested that the Vickers hardness could be calculated by

measuring the dark areas using HAMILTOM.
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Figure 3.9 Relationship between the Vickers hardness Hy ester OF the samples in group 2 measured
with the Vickers hardness tester and the Vickers hardness Hvnamitom calculated by the dark
area of the samples in group 2 with the calibration curve obtained from the result of measurement
with the samples in group 1. The mean and standard deviation of three measurements,

approximate expression (dashed line), and determination coefficient were shown.

45



3.5 Discussion

3.5.1 Correlation between dark area and Vickers hardness

In this study, the dark areas and the Vickers hardness were measured for bovine dentins with the
different demineralization times, and the correlation coefficient was evaluated. The correlation
between the Vickers hardness of group 2 calculated by the dark areas of group 2 and the calibration
curve obtained in group 1 and the Vickers hardness of group 2 measured by the Vickers hardness
tester showed the strong determination coefficient of 0.99. Therefore, by theoretically formulating
the correlation between dark areas and the Vickers hardness, it might be possible to estimate the
Vickers hardness from the dark area measured using HAMILTOM. However, groups 1 and 2 had
similar demineralized conditions since they were demineralized by the same procedure. In the
actual caries process, various factors are included such as microbiology, saliva, tooth mineral
composition, tooth ultrastructure, diffusion processes, kinetics of demineralization, the reversal of
demineralization that is known as remineralization and factors that contribute to the reversal of the
process [89]. The actual demineralization reaction is not driven by lactic acid, which was employed
in this experiment, but is controlled mainly by bacteria such as Streptococcus mutans and
Lactobacillus fermenting food and producing acid to dissolve tooth minerals [89]. It has also been
reported that the origins of crown caries and root caries differ. Plaque accumulation, frequency of
sugar intake, decreased saliva volume, fluoride exposure, and low standard of living are factors for
both crown caries and root caries, whereas gingival recession, attachment loss, and aging also
contribute to root caries [90]. Therefore, the correlation and the validity of the power
approximation formula should be further evaluated to apply the power approximation formula
derived in this study to actual caries of human dentins in a clinical setting. An experimental system
that reproduces the actual caries process such as by a pH cycle test might be a solution to make the

demineralization process more similar to the actual.
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3.5.2 Measurement accuracy of HAMILTOM

The study in this chapter confirmed the correlation between the dark areas measured by
HAMILTOM and the Vickers hardness measured by the Vickers hardness tester. The change in the
dark areas increased significantly when the demineralization time was 2 h or more compared to the
change in the Vickers hardness when the demineralization time was less than 2 h for both groups 1
and 2. The reason might be related to the measurement conditions of the dentin samples. Regarding
the dark areas, the surface moisture of the dentin samples taken out from saline was blown off by air,
and the measurement was performed in the wet condition. On the other hand, the Vickers hardness
was measured after the dentin samples were dried in the indoor environment for 18 hours because no
indentation remained due to the elastic recovery after the indenter was pulled out in the wet
condition. Dentin is composed of inorganic components, collagen fibers, and water. The volume of
the eluted inorganic components is replaced by water in the demineralization reaction [91].
Furthermore, the demineralized dentin is dehydrated. The unbound water between the collagen
molecules is lost and the collagen fibers are aggregated by peptide bonds. The dark areas might
increase as the volume of water contained in the dentin increased by the longer demineralization
process. However, the change in the water content was offset by drying the dentin sample in the
Vickers hardness, and the demineralized layer was condensed and showed a smaller change than the
dark areas. Another reason for difference of increase of the dark areas depends on the
demineralization time. Figures 3.6 and 3.8 showed that HAMILTOM might not be very sensitive
within a demineralization time of 1 h, and the improvement should be studied for detection of initial
caries. Due to problems with the design of the optical system, it has been confirmed that a black spot
appeared at the tip of the indenter before the indenter came into contact with samples in the image of
indenter taken with the CMOS camera. The size of the black spot in this experiment was 2 x 1073
mm? calculated from the pixel areas. The dark areas cannot be calculated accurately when the area of
the black spot exceeds the dark areas on dentin samples. Since the dark area was small in the sample
with a short demineralization time, the black spot might affect the dark area easily. In order to make
the area of black spot smaller than the dark area of sound dentin or initial caries, improvement to
make the black spot smaller has been tried by designing the optical system and indenter. A method of
suppressing the influence of black spots by increasing the threshold of the load sensor could also be
possible. Since there is a trade-off relationship between invasiveness and measurement accuracy, the
invasiveness might increase when the load increased and the invasiveness needs to be evaluated. It is
necessary to discuss whether the current invasiveness is acceptable, but it is needed to consider
whether it is possible to measure the dark area with a lower load than 50 gf by making the black spot
smaller as a less invasive measurement condition.

The practical use of HAMILTOM should be realized as a method to objectively and

quantitatively evaluate the activity and progress of caries, especially root caries. Hence,
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HAMILTOM might support a treatment plan for caries as the diagnostic device. In particular, it
might be able to determine whether the detected caries should be removed or not by quantifying the
hardness of caries. The conventional Vickers hardness values of sound dentin have been reported as
50 to 60 [92] The hardness of dentin changes continuously as caries progresses. In the process, it has
been reported that the area where caries dentin should be removed or preserved can be divided by a
Vickers hardness of 30 to 40. Consequently, the Vickers hardness may be used as an index for caries
removal [22]. Regions where the Vickers hardness was 30 or more showed small changes in the dark
area in this study. The relationship between the dark area and the Vickers hardness deviates from an
inverse proportional relationship in some points. To use HAMILTOM as a diagnostic device of
dentin hardness and the converted Vickers hardness to determine the necessity for caries, the
measurement accuracy of HAMILTOM must be improved. In this study, the average maximum error
of Vickers hardness measured by the Vickers hardness tester was 5 %, whereas the average
maximum error of converted Vickers hardness measured by HAMILTOM was 8 %. An error caused
by the sample is considered as a common error factor, and it is possible that the hardness variation in
the sample had an effect. Furthermore, a load error from 46 to 54 gf clarified by the load
measurement with the electronic balance could be considered and improvement of the precision of

the load is necessary to reduce a measurement error in HAMILTOM.

3.5.3 Difference of situations between in vitro and in vivo

The difference of situations between in vitro and in vivo should be discussed. In this study, the
sample orientation was set to 90 deg to the indenter by adjusting the sample tilt and device
orientation for the demonstration of the basic principle of HAMILTOM. However, the angle could
change in vivo situation because the angle might depend on dentists who handle HAMILTOM in a
clinical setting. In this study, it has been confirmed that the effect on the measurement accuracy was
negligible when the angle of the indenter was about 5 deg to the sample surface, but the dark area is
not a precise circle and expands if the angle is larger than about 5 deg to the sample surface.
Therefore, a method of estimating the angle of the indenter from the circular shape and the dark area
without the tilt of the indenter has been considered. In addition to the sample orientation, the surface
condition of dentin and the degree and size of demineralization could be different between in vitro
and in vivo. Assuming an actual clinical setting, it would be inevitable that the obtained values by
HAMILTOM differ depending on the condition and size of caries. However, the current uncertainty
of caries diagnosis could be improved with the qualitative inspection methods even if the influence
of the condition of in vivo dentin is taken into consideration, and HAMILTOM might be useful in
determining the need for intervention. It should be emphasized that the main purpose of
HAMILTOM is to reduce the uncertainty of inspection with dentists by quantifying the degree and

progress of caries as dentin hardness. The quantification could improve the uncertainty and might be
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used for definite diagnosis in cases where dentists have difficulty making decisions for treatment.

3.5.4 Clinical use of HAMILTOM

The significance of the clinical of HAMILTOM should be discussed. The experimental results of
dentin hardness in wet conditions using HAMILTOM suggested that the problem of the conventional
hardness measuring device which can be used in dry conditions can be solved with HAMILTOM. It
could be possible to measure dark areas in dry conditions as Vickers hardness measurement.
However, the appeal point of HAMILTOM is that dark areas can be measured in wet conditions
without removing dentins, which is superior to the Vickers hardness measurement. The Vickers
hardness is measured by applying a constant load and measuring the indentation after removing the
indenter. On the other hand, HAMILTOM measures the dark area while applying a load to dentins
without drying. Assuming the actual practical use of HAMILTOM, the relationship between the
conditions of loading time and speed and the measurement accuracy should be evaluated to clarify
the influence of details of conditions of use that vary from person to person. If the hardness of root
caries can be easily and quantitatively evaluated, the activity and progression of root caries can be
assessed more accurately than the conventional qualitative method. The Vickers hardness is a
conventional method to determine tooth hardness, but the tooth need to be removed before the
measurement. Hence, it can be used for in vivo teeth. In contrast, HAMILTOM developed in this
study can measure the dark areas in wet dentin samples. In addition, the easy hardness measurement
in a clinical setting is also expected from the handpiece-type design. A study of comparison for
diagnostic accuracy between HAMILTOM and classical methods, such as inspection and palpation,
for root caries could be studied for clinical use in the future. HAMILTOM may realize hardness
measurements of in vivo teeth in a clinical setting and quantitatively evaluate the occurrence and
progression of dental caries by measuring the temporal change of the hardness. However, the
measurement mechanism of HAMILTOM remains unclear and physically interpretation of dentin
hardness measured using HAMILTOM is necessary. In addition, the invasiveness of hardness

measurement with HAMILTOM needs to be clarified for the clinical use of HAMILTOM.
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3.6 Conclusion of this chapter

The objective and quantitative method to measure dentin hardness and evaluate the activity and
progression of root caries in a clinical setting had been required from the perspective of realization
of selective removal for caries by understanding the condition of caries and set the proper laser
irradiation conditions and realization of quantitative root surface caries diagnosis. From the
background, HAMILTOM has been developed as an optical dentin hardness measuring device in this
study. The purpose of this study was the demonstration of the basic principle of HAMILTOM using
bovine dentin samples with different demineralization times. The correlation between the dark area
measured by HAMILTOM and the Vickers hardness measured by the Vickers hardness tester was
evaluated. As the demineralization time increases, the areas appearing black without a total internal
reflection of the indenter increase. Additionally, the Vickers hardness of group 2 calculated by the
dark areas of group 2 and the calibration curve obtained in group 1 and the Vickers hardness of
group 2 measured by the Vickers hardness tester were strongly correlated with a determination
coefficient of 0.99, which suggested that HAMILTOM might be suitable as a new device to evaluate
dentin hardness in a clinical setting. The most superior point of HAMILTOM is the potential to
quantitatively evaluate the progress of caries in in vivo teeth in wet conditions. However, the
measurement mechanism of HAMILTOM remains unclear and physically interpretation of dentin
hardness measured using HAMILTOM is necessary. In addition, the invasiveness of hardness

measurement with HAMILTOM needs to be clarified for the clinical use of HAMILTOM.
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Chapter 4

Mechanism of dentin hardness
measurements using an optical dentin

hardness measuring device

4.1 Introduction

4.1.1 Mechanism of dentin hardness measurements using HAMILTOM

HAMILTOM was developed as a technology that could easily and quantitatively evaluate tooth
hardness using light in a clinical setting. Measurement of dentin hardness in a clinical setting is very
significant because the information of dentin hardness is crucial for a diagnostic perspective for the
conventional qualitative methods towards root caries as well as the therapeutic perspective for the
selective removal of caries for minimal intervention. HAMILTOM quantified the hardness of dentin
from the dark area between the indenter and dentin when the indenter was pressed into the dentin.
The study in the chapter 3 confirmed the strong correlation between the dark areas measured by
HAMILTOM and the Vickers hardness. The coefficient of determination between the Vickers
hardness converted from the dark areas measured by HAMILTOM and the Vickers hardness
measured by the Vickers hardness tester was 0.99, suggesting that HAMILTOM had potential to
quantitatively evaluate the hardness of in vivo teeth. However, the measurement mechanism of
HAMILTOM remains unclear and to be clarified. It is still unclear that the dark areas are not the size
of the indentation and the influence of the water exuded by the contact of the indenter is significant,
and it is not confirmed that the indentation does not remain due to the elastic recovery of the dentin
after removing the indenter. In other words, the definition of ‘Hardness’ measured using
HAMILTOM is unclear. Therefore, the dentin hardness measured using HAMILTOM is necessary to
be interpreted physically.
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4.1.2 Invasiveness to dentin using HAMILTOM

In addition to the physical interpretation of dentin hardness measured by HAMILTOM, the
invasiveness of hardness measurement with HAMILTOM needs to be clarified for the clinical use of
HAMILTOM because the invasiveness of palpation with a dental probe is a concern. When a dental
probe is used under force, iatrogenic damage of the enamel surface may occur, promoting caries
progression [78,93]. Especially, the invasiveness to sound dentin needs to be clarified because the
sound dentin should be preserved without treatment after the hardness measurement using
HAMILTOM. On the other hand, it might be possible that hardness measurement with the
HAMILTOM is less invasive than palpation, which is more dependent on the dentist's senses,
because the load during measurement is controlled with HAMITLOM. The invasiveness to dentin by

HAMILTOM with those using a dental probe for palpation should be compared.

4.1.3 Purpose of the study in this chapter

The study in this chapter evaluated the mechanism of dentin hardness measurements using
HAMILTOM physically and compared the invasiveness to dentin by HAMILTOM with those using
a dental probe for palpation operated by a dentist. The measurement mechanism of HAMILTOM for
quantitative dentin hardness evaluation had remained unclear. In addition, the invasiveness had to be
evaluated to use HAMILTOM in a clinical setting because there was a concern for palpation of
invasiveness with a dental probe. When a dental probe was used under force, iatrogenic damage of
the enamel surface might occur, promoting caries progression [78,81]. The study in this chapter
physically interpreted the dentin hardness measured using HAMILTOM and considered its
measurement mechanism. Additionally, the invasiveness to dentin samples during a hardness
measurement using HAMILTOM was evaluated by comparing to the invasiveness of palpation by

dental probe.
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4.2 Materials and Methods

4.2.1 Sample preparation

The samples were eleven bovine sound dentins in the experiments of the study of physical
interpretation. Bovine dentin samples were used for two reasons. First, samples were easily collected
since bovine dentin samples were larger than human ones. Second, samples with uniform sizes were
obtained, allowing multiple points to be measured in each sample. Caries simulated models with
various hardness were prepared with the artificial demineralization of sound dentin samples. Then
the dark areas for the samples were measured with HAMILTOM. Additionally, the indentations
made by HAMILTOM or a dental probe were observed using SEM (JCM-5700, JEOL, Japan). This
study was performed after the acquisition of approval from the Animal Care and Use Committee,
Osaka Dental University (Approval No.:19-12001).

The samples were prepared with the procedure from cutting, embedding to epoxy resin and cure
for at least 24 hours, to mirror polishing of sample surface. To create caries models with different
hardness, the samples were immersed in a lactic acid solution for artificial demineralization with
different time for each sample [85,86]. Lactic acid (20006-75, Nacalai Tesque, Japan) and distilled
water were mixed in a beaker to prepare 1 L of 0.1 M demineralization solution. The beaker was
placed in a constant temperature water bath (TM-3A, AS ONE, Japan) to hold the solution
temperature at 37 °C. The solution was agitated with a stirrer (HE-16GA, KPI, Japan) at a rotation
speed of 600 rpm to maintain a pH of 2. Next, each dentin sample was immersed in the solution for a
predetermined time of 0.25, 0.5, 0.75, 1, 2, 4, 6, 12, or 24 hours for demineralization. After the
demineralization, the samples were removed from the beaker, rinsed with tap water and stored in
saline (Otsuka Pharmaceutical, Japan) at 4 °C.

Nine samples were used to create the caries model with the different demineralization time, and
the remaining two were stored as sound dentin samples without the demineralization process. The
study in the chapter 3 employed the similar demineralization process. It was found that a
demineralization time of 0-24 hours created samples with Vickers harness values of 17-44. The
Vickers hardness were not measured in the study of this chapter.

The validity of the artificial demineralization by the acid etching was evaluated by measuring the
actual mineral loss of the dentin samples used in this study with an energy dispersive X-ray
spectrometer (JED-2300, JEOL, Japan) attached to the SEM used in this study. After the SEM
observation of the indentations on the dentin samples, the dentin samples with different
demineralization times were cut perpendicular to the surface in half so that the cross section of the
dentin sample was exposed. Next, the surfaces of the cross section were mirror polished under water

injection using waterproof abrasive papers #80, 220, 500, 1000, and 2000 (S31TO, IMT, Japan) and
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4000 (S31HM, IMT, Japan). Then, the polished surfaces of the dentin samples were coated with
4-nm-thick gold using an ion-sputtering system (E-1010, Hitachi, Japan) for 30 s at a 15-mA current
to prevent overcharge of the sample. The Ca content of the cross-section surface of each dentin
sample was measured by element mapping, and the Ca content of the dentin sample surface where
the dark areas were measured with HAMILTOM was also measured at three positions in each dentin

sample. The accelerating voltage and the magnification were set to 15 kV and 300x, respectively.

4.2.2 Optical dentin hardness measuring device (HAMILTOM)

Figure 4.1 schematically illustrates the HAMILTOM handpiece used in this study. The dark area
can be measured by contacting an indenter of HAMILTOM to dentin. HAMILTOM used in this
study included an optical system composed of an LED with a 455-nm center wavelength, a film
diffuser (#17-682, Edmund Optics, USA), a beam splitter (#47-007, Edmund Optics), a transparent
conical indenter with a 90° apex angle, a lens with a 30-mm focal length (#45-134, Edmund Optics),
and a CMOS camera (ID1IMB-MDL-U, iDule, Japan) in the lens barrel. It should be noted that the
indenter was composed of a photocuring resin and has a refractive index of 1.54 instead of the glass
indenter used in the chapter 3. The glass indenter used in the study in the chapter 3 was changed into
a transparent conical indenter with a 90° apex angle composed of the photocuring resin for the mass
production of HAMILTOM because it was assumed that the indenters of HAMILTOM could be
single use to maintain the cleanness of indenters in a clinical setting. The LED light passing through
the film diffuser was incident on the indenter. A beam splitter reflected light toward the camera, and
the image of the indenter tip was projected on the CMOS camera using a lens with about 1.5-fold
magnification. From the lens barrel, a capacitive load sensor with an 8-mm diameter and 0.3-mm
thickness (SingleTact S8-1N, Pressure Profile Systems (PPS), USA) and in-house control boards
were placed in a handpiece-type polycarbonate housing. The reference acquisition button was used
to obtain a reference image before the indenter was brought into contact with the sample. By
applying a load to the indenter tip, the lens barrel rotated around the rotation axis. Then the lens
barrel and the housing applied the load to the load sensor. The applied load to the sensor was
continuously monitored on a tablet PC (Surface Go 2, Microsoft, USA) through the control boards
with a USB interface. Then the CMOS camera automatically acquired an image of the indenter using
in-house software at the time when the load reached a predetermined value.

The measurement principle of HAMILTOM was based on a total internal reflection using the
differences in the refractive indexes of air, the indenter, and dentin. When the indenter was not in
contact with the dentin, the indenter appeared bright because a total internal reflection occurred at
the boundary between the indenter and the air. On the other hand, a total internal reflection did not
occur when the indenter came in contact with the dentin because the refractive indexes of the

indenter and dentin were designed to be close. For a constant contact load, a softer dentin should
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yield a larger dark area. Dentin became softer with the progress of caries, and therefore the dark area

indicated the degree of caries progression.

Liquid crystal display Sub control board
Main control board \ \ Reference acquisition button
Cable
USB cable Capacitive load sensor
— v
A — L LED
Film diffuser
FI
Flexible cable / x [ £ Beam splitter
/ ! / !_ ® ___ Resin indenter
4
CMOS camera Lens barrel
Polycarbonate . .
housing Camera board Rotation axis

of the lens barrel Tooth

Figure 4.1 Schematic illustration of the HAMILTOM handpiece used in this study. Image of the
resin indenter tip was projected onto the CMOS camera with a threefold magnification using
LED light. First, the reference image was obtained by pressing the reference acquisition button.
By applying a load to the indenter tip, the lens barrel rotates around the rotation axis, and the lens
barrel and the housing apply a load to the capacitive load sensor. Then CMOS acquires an image

of the indenter when the load reaches a predetermined value.

4.2.3 Calculation of the dark area

The dark areas were measured using HAMILTOM for the dentin sample at each demineralization
time. Prior to each measurement, the dentin samples were immersed in saline for at least 24 hours to
maintein the wet condition of the samples . Figure 4.2 shows a photograph of the experimental setup
to measure the dark areas using HAMILTOM. HAMILTOM was fixed with a fixed base so that the
indenter tip was oriented vertically downward. The dentin sample was placed on a stage directly
below the indenter after blowing off the excess surface moisture with air. The threshold of the load
sensor when calculating the dark area was set to 50 gf basically, but the load was changed to 10, 30,
50, 100, 150, 200, or 250 gf for the evaluation of mechanism and invasiveness of HAMILTOM to
evaluate the influence of the load on the indentation created on surface of samples. The stage was
manually raised in the vertical direction. The CMOS camera acquired an image once the load
reached the specified value, and during the measurement, the load was measured by an electronic
balance (ACS-5000, AS ONE, Japan) to verify the load accuracy. Additionaly, the accuracy of the
electronic balance was verified before and after the experiments with a standard weight set

(3-9951-04, AS ONE). Before the experiment, a coefficient, which was multiplied with the measured
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value of the load sensor, was adjusted to match the load measured with the electronic balance. After
setting the dentin sample on the electronic balance, the electronic balance was reset to zero to
eliminate the influence of the slight weight differences of each sample. Images of the dark area were
acquired at three different positions for each dentin sample. To make it easier to find the indentation
points after the first measurement, the measurement interval was standardized to 500 pm using the
stage for the for the evaluation of mechanism and invasiveness of HAMILTOM. After each
measurement, a lens cleaning paper (EK15460278S, Tiffen, USA) with ethanol was used to remove
the water and deposits on the indenter surface which might influence on the dark area.

In order to calculate the dark area, a reference image was obtained before the indenter was
brought into contact with the sample. Once the reference image was acquired, the load measured
with the load sensor was reset to zero to cancel the long-term drift of the sensor. Next, an image was
acquired after the indenter was brought into contact with the sample, and then the reference was
subtracted. A binarized image was created using a threshold of 50 % of the maximum brightness of
the subtracted image. In the binarized image, the contact area appeared as bright pixels. Finally, the

dark area was calculated from the number of bright pixels in the binarized image.
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Figure 4.2 Image of the experimental system to measure dark areas by HAMILTOM used in this
study. HAMILTOM was fixed at the base with the two points, and the dentin sample was placed
directly below the indenter. When the dark area was measured, the stage was slowly raised
vertically, and an image was acquired with the CMOS camera when the load reaches 50 gf (~0.49
N). To verify the accuracy of the load measured by the sensor, the load was also measured by an

electronic balance.
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4.2.4 Theoretical formula of HAMILTOM

From the relationship between the elastic modulus and the projected area of indenter/material
contact based on indenter mechanics, a theoretical formula for the dark area of HAMILTOM is
calculated. The indenter/material projected area generated when an indenter presses into an isotropic
material is theoretically derived based on indenter mechanics. First, the indenter/material contact
projected area A, and the elastic modulus of the material when the material is perfectly elastic are
linked. When the load transmitted from the indenter to the material is F and the composite elastic
modulus is E,, the Meyer hardness Hw, which represents the mechanical properties of the material,
is expressed by the following formula [94]:

Hy = — = gk, 1)

where ¢ is the indentation strain, expressed as ¢ = (tan8)/2 using the conical indenter face tilt
angle B [94]. E. is a parameter converted by considering the elastic modulus of the indenter and
material and Poisson's ratio. Next, the indenter/material contact projected area A, and the yield
stress of the material when the material is perfectly plastic is linked. Hw is expressed by the
following equation using the indenter/material contact projected area A, and the yield stress Y of
the material [94]:
Hy = i =cY, 2
Ap

where ¢ is a constraint factor that depends on the indenter shape and the coefficient of friction
between the indenter and the material. In highly plastic materials, the plastic deformation of the
indenter press fit can cause pile-up, which is spillage of the plastic deformation onto the free surface
of the material. ¢ quantitatively describes the in-plane constraint on the pile-up and is given by
2.5 <c¢ < 3.5. Yield stress Y is the pressure at which the material will not return to its original

position when the strain is increased [94]. The indenter/material contact projected area A for an

proj
elastoplastic material with elastic modulus E, and vyield stress Y is derived. Here, the theory of
excluded volume additivity, which links the increase in material free energy to the volume of
material excluded by the indentation is introduced. The incremental free energy 8§G associated with
the indenter press-in is expressed by the following equation using the mean contact pressure p.,

that occurs below the indenter during the press-in [94]:
6G = pmbV = pmble + pmSI/;) ) 3)

where 8V is the increment in excluded volume of the material induced by a small increase in mean
contact pressure, and 8V, and 8V, are the increments in excluded volume related to elastic and
plastic deformation, respectively. py, 8V, represents the incremental elastic energy and py, 6V, the

energy dissipation due to plastic deformation. Therefore, V =1V, + 1, holds. The relationship
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between the excluded volume V and the projected area of indenter/material contact A in a
conical indenter is expressed geometrically as V:((tanﬁ)/wﬁ)-Apmf/z. This leads to
Aproj?? = A* + A,%/%, where A, and A, represent the projected area of indenter/material
contact when the same indenter is pressed into a perfect elastic material with elastic modulus E,
and a perfect plastic material with yield stress Y under the same load F respectively. Therefore,
A = P/&E. and A, = P/cY are shown respectively, and Ap.; is expressed by the following

equation:

2
1 1\3)
A =F — 4)
wa=F (o) +(F) 1

where an elastoplastic parameter expressed as P = A,/A. = &E./cY is introduced [94]. P

3
2

represents the ratio of plastic deformation to elastic deformation induced within the elastoplastic
body by indentation. This leads A,.; to be expressed from the material properties of the dentin

sample of E. and P shown in the following equation:

(N

3\3
v (1 + Pi) ©)
Aproj = E_I Er ’
where the elastic modulus and yield stress of dentin were assumed to change at the same rate due to
demineralization, and P was set to a constant. The mathematical model was also based on the study
of Li et al. assuming a sound dentin with a yield stress of 75 MPa and an elastic modulus of 4 GPa in
the wet state at the time of the measurements in this study [95]. Since the dark area Ar of
HAMILTOM is the projected area of indenter/material contact during indenter indentation, At =
Aproj- This leads that A can be expressed by the following equation:

2

3\3
F (1 + PA2> (6)
Ar = Aproj = S_IE—A’
where E, and P, represent the composite elastic modulus and elastoplastic parameters of the

dentin sample in the measurement of the reduced light area, respectively.
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4.2.5 Theoretical formula of Vickers hardness

The Vickers hardness was measured using a Vickers hardness tester (HMV-G30S, Shimadzu,
Japan) for each sample, which had different demineralization times. Conventionally, the Vickers
hardness is measured in dry conditions because indentations do not clearly remain on a sample with
a large elasticity such as demineralized dentin. The dentin samples in this study were dried in a
23 °C indoor environment at 25 % humidity for 18 hours before the hardness measurements for the
demonstration of the basic principle of HAMILTOM. The test load was set to 500 gf (~ 4.9 N). The
load holding time was 10 s, and indentations were made on the dentin samples. The Vickers hardness
was calculated by measuring the length of the diagonal line of the indentation. The indentation was
observed with the microscope of the hardness tester. The Vickers hardness of each sample was
measured at three different positions. The measurement points were within a 5-mm diameter with
respect to the measurement points with HAMILTOM.

Vickers hardness Hy is an index using the surface area A. of the indentation after indenter
unloading. In the derivation of the theoretical equation, the elastic recovery after unloading was
ignored and the surface area of the indentation was assumed to be equivalent to the indenter/material
contact area. The behavior of the material surface during Vickers indentation can be assumed to be
equivalent to that of a conical indenter with a face tilt angle of 19.7 deg. due to the excluded volume
identity. Exclusion volume identity refers to the relationship that the indenter exclusion volume is
equal when indenting to the same depth [94]. This assumption can avoid the complex stress
distribution that occurs near the ridge of the Vickers indenter and allows the indenter/material
contact projected area A to be determined. The relationship between A, and the
This

proj

indenter/material contact projected area A is expressed geometrically as A, = 1.0784

proj proj-

leads Hy expressed by the following equation:

F E,
Hy = 0.102—=0.017———— = 0.464 ,
c ( 3>§ Aproj (M

1+P2

where Ey and P, represent the composite modulus and elastoplastic parameters of the dentin sample

in the Vickers hardness test, respectively.
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4.2.6 Probe for palpation

The invasiveness to dentin samples during a hardness measurement using HAMILTOM was
evaluated by measuring indentation depth and compared with palpation by a dental probe. Figure 4.3
shows a photograph of the experiment to create indentations with a dental probe by a dentist.
Indentations of the dental probe (AD1 #5, YDM, Japan) based on palpation by the dentist belonging
to Osaka Dental University were created at three random positions for each sound dentin sample. To
moisten the dentin sample, it was immersed in saline for at least 24 hours before the experiment.
Then the excess surface moisture was blown off with air prior to indentation creation. The dentist
applied the same force as a clinical setting to create clinically simulated indentations on the dentin
sample surface using the dental probe. In actual clinical palpation, the probe is contacted with dentin
and then slid a few millimeters to check dentin hardness. Therefore, the same probing operation with

a long scratch was used in this study.

Figure 4.3 Image of the experiment to create indentations with a dental probe by a dentist. To
moisten the dentin sample, it was immersed in saline for at least 24 hours before the experiment.
Then the excess surface moisture was blown off with air prior to indentation creation. The dentist
applied the same force as a clinical setting to create indentations on the dentin surface using a

dental probe and created the indentations at three random positions for each sample.
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4.3 Evaluation

4.3.1 Morphology analysis: Scanning electron microscope

SEM is able to capture a sample image with third dimension as a secondary electron image. For
the evaluation of mechanism and invasiveness of HAMILTOM, the indentations made by
HAMILTOM or the dental prove were observed using a scanning electron microscope (SEM,
JCM-5700, JEOL, Japan). Also, the indentation area of HAMILTOM was calculated as an oval
shape by measuring the long and short outer diameters of the indentation from the SEM images.
Before the SEM observation, the scale bar accuracy was confirmed using a nickel mesh (EM-fine
grid F-400 mesh, Nisshin-EM, Japan) to verify the reliability of scale bar. The size of one mesh

square was 63.5 um, which was the same as that measured by the SEM scale bar.

4.3.2 Measurement of ablation depth: Confocal laser microscope

Using the confocal microscope, a sharp image which has a high resolution in the height direction
and shallow depth of focus getting rid of blurring can be obtained. A three-dimensional structure is
able to be reproduced by combining images of multiple planes since a confocal laser microscope has
high resolution in the depth direction (Z direction). In this study for the evaluation of invasiveness of
dentin hardness measurement using HAMILTOM, the indentation depths created by HAMILTOM or
dental probe were measured using a confocal laser-scanning microscope (OPTELICS HYBRID,

Lasertec, Japan).
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4.4 Results

4.4.1 Change of Ca content by artificial demineralization

Figure 4.4 shows the SEM images and the mapping of Ca content of the cross-section surface of
each dentin sample with the different demineralization time measured with the energy dispersive
X-ray spectrometer attached to the SEM used in this study. The top side of the images illustrates the
dentin sample surface on which the indentations were created in this study. A gradual decrease in the
Ca content was observed from the dentin sample surface with increasing demineralization time.
Figure 4.5 shows the Ca content of the dentin sample surface, where the dark areas were measured
with HAMILTOM, at three positions in each dentin sample with the different demineralization time
measured with the energy dispersive X-ray spectrometer attached to the SEM used in this study. A
clear difference in Ca content was observed between sound and demineralized dentin. The variation
in Ca content with 0.25-2 hours of demineralization time was large, but as the demineralization time
increased, the Ca content on the dentin sample surface decreased, ranging from 1-2% at the
demineralization time of 12 hours or longer. From the observation of the change of Ca content in
each dentin sample with the different demineralization time, the validity of the artificial

demineralization by the acid etching in this study was confirmed.
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Fig. 4.4 SEM images and mapping of Ca content of the cross-section surface of each dentin
sample with the different demineralization time (0.25, 0.5, 0.75, 1, 2, 4, 6, 12, or 24 h) measured
with the energy dispersive X-ray spectrometer attached to the SEM used in this study. The top
side of the images illustrates the dentin sample surface on which the indentations were created in

this study.
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Fig. 4.5 Ca content of the dentin sample surface, where the dark areas were measured with
HAMILTOM, at three positions in each dentin sample with the different demineralization time

(0.25, 0.5, 0.75, 1, 2, 4, 6, 12, or 24 h) measured with the energy dispersive X-ray spectrometer
attached to the SEM used in this study.

4.4.2 Dark area and indentation area

In this study, the dark area and indentation area were measured and compared to interpret the
dentin hardness measured with HAMILTOM physically. Figure 4.6 shows the changes in the dark
area measured using HAMILTOM with the load of 50 gf with different demineralization time. The
size of the dark area measured by HAMILTOM increased with demineralization time. The dark areas
with demineralization time more than 1 h increased significantly compared with less than 1 h. Table
4.1 shows dark area and the Vickers hardness of the dentin samples calculated with the calibration
curve obtained in group 1. The Vickers hardness was 20—52 with the demineralization time of 0-24
hours. Figure 4.7 shows SEM images of the indentation with different Vickers hardness left on the
dentin sample surface after the measurement of dark areas using HAMILTOM. The indentations
were observed under all demineralization time conditions. The indentation area increased with
demineralization time, but the indentation shape was indistinct for demineralization times longer
than 4 hours. In the sound dentin sample without demineralization treatment, dentinal tubules in the
indentation were closed and there was a crack at the center part of the indentation observed in the
SEM image, whereas the dentinal tubules in the indentation in demineralized dentin samples were

open and no crack was observed at the center part of the indentation.
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Figure 4.6 Changes in the dark area with different demineralization times (0.25, 0.5, 0.75, 1, 2, 4,
6, 12, or 24 h) measured by HAMILTOM. Graph shows the mean and standard deviation of three

measurements.

Table 4.1 Dark area and the Vickers hardness of the dentin samples calculated with the

calibration curve obtained in group 1.

Demineralization time [h]
0 0.25 05 0.75 1 2 4 6 12 24

Dark Mean  0.0029 0.0038 0.0041 0.0046 0.0065 0.0169 0.0250 0.0736 0.1290 0.1950
area
[mm?] S.D. 0.0024 0.0002 0.0003 0.0003 0.0007 0.0033 0.0078 0.0079 0.0068 0.0080

Vickers Mean 52 45 44 43 40 33 30 24 21 20
hardness
[HV] S.D. 9 0 1 1 1 1 2 1 0 0
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Figure 4.7 SEM images of indentations on dentin samples with different Vickers hardness (52,

45, 44, 43, 40, 33, 30, 24, 21, or 20 HV) after hardness measurements with HAMILTOM. The
scale bar showed the length of 100 pm.

Figure 4.8 shows the maximum depth of indentations created by the dentin hardness
measurement with HAMILTOM at the load of 50 gf for each demineralization time. The average
maximum indentation depth ranged from 2.9 to 3.7 um. The maximum depth of indentation was not
changed significantly among the demineralization time from 0 to 24 h, and the demineralization time

did not significantly affect the results.
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Figure 4.8 Changes in the maximum depth of the dentin indentations created by the indenter of
HAMILTOM with different demineralization times (0.25, 0.5, 0.75, 1, 2, 4, 6, 12, or 24 h). For
the dentin sample with each demineralization time, the maximum depths of three indentations

were measured. Graph shows the mean and standard deviation of three measurements.

Figure 4.9 shows the relationship between the dark areas measured by HAMILTOM and the
indentation areas measured by the SEM images for each demineralization time. The indentation area
of HAMILTOM was calculated as an oval shape by measuring the long and short outer diameters of
the indentation from the SEM images. The difference between the dark areas and the indentation
areas increased as the demineralization time increased. For demineralization times of 2 hours or less,
the dark areas were similar to the indentation areas. On the other hand, the dark areas exceeded the
indentation areas significantly for demineralization times more than 2 hours. The difference became

more significant with demineralization time.
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Figure 4.9 Changes in the dark areas measured by HAMILTOM and indentation sizes measured
by SEM images with different demineralization times. The indentation sizes were calculated as
elliptical shapes by measuring the long and short outer diameters of the indentation from the
SEM images (a) Changes as functions of the demineralization time from 0 to 1 h. (b) Changes as
functions of the demineralization time from 2 to 24 h. Graphs show the mean and standard

deviation of three measurements.
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4.4.3 Indentation of HAMILTOM and probe

Figure 4.10 shows SEM images of indentations formed on the sound dentin sample by
HAMILTOM with various loads of 100-250 gf and the indentation created by the dental probe based
on palpation by the dentist. The indentation areas created by HAMILTOM increased with the
increase of the load values. The shapes of indentation created by HAMILTOM was approximately
circles. The shape of indentation created by the dental probe because the dentist drew the straight

line with the dental, but a scale-like indentation was formed by the operation.
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Figure 4.10 SEM images of indentations on sound dentins with various loads of 10-250 gf using
HAMILTOM or the dental probe based on palpation by the dentist belonging to Osaka Dental
University. The scale bar showed the length of 100 um.
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Figure 4.11 shows the maximum depths of indentations created by HAMILTOM with various
load values from 10 to 250 gf and the dental probe. In Figure 4.11, plots and bars show the mean and
standard deviation of three measurements by HAMILTOM, and dotted line and the band show the
mean and standard deviation of three measurements by the dental probe. The indentation depths
using HAMILTOM increased with load, whereas the indentation depth with the dental probe was 9
um. The dental probe produced a deeper indentation than that using HAMILTOM for all loads below

250 gf.
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Figure 4.11 Relationship between the maximum depth of indentations on sound dentins created
by the hardness measurement by HAMILTOM with the load of 10 to 250 gf and the maximum
depth of indentations on sound dentins created by the dental probe. Plots and bars show the mean
and standard deviation of three measurements by HAMILTOM. Dotted line and the band show

the mean and standard deviation of three measurements by the dental probe.
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4.5 Discussion

4.5.1 Mechanism of dentin hardness measurement using HAMILTOM

In this study, the dark areas and the indentation areas measured by the SEM observations for the
caries simulated by models with different demineralization times were compared to physically
interpret the dentin hardness measured using HAMILTOM. The dark area was almost the same size
as the indentation area under the condition of the demineralization time for 2 hours or less. However,
the dark area became larger than the indentation area significantly when the demineralization time
exceeded 2 hours. This difference between the dark area and indentation area became more
pronounced as the demineralization time increased. Thus, it was confirmed the size of the dark area
was not the same as the indentation area remained on the dentin sample surface after hardness
measurement with HAMILTOM for the caries simulated models.

The significant area difference in the dentin samples with a longer demineralization time is
attributed to the water taken into the dentin during the demineralization reaction. Water has a
refractive index of 1.34 at a wavelength of 455 nm [96], and the reflectance at the boundary between
the indenter and water is much small that the reflected light image at the area where the indenter
contacts water is considered to be dark. Caries contains more water than sound dentin [48]. Pushing
an indenter into the dentin should exude water from the dentin, increasing the dark area in addition
to the deformation of the dentin. Additionally, the dentinal tubules are closed in the indentation of
sound dentin formed by HAMILTOM measurements, whereas the tubules are open in the indentation
of demineralized dentin samples as shown in Figure 4.7. This provides further evidence that water is
more likely to seep from demineralized dentin samples due to the load of the indenter than the sound
dentin samples. Elasticity recovery may also contribute to the significant difference between the dark
area and indentation area in the caries models for a demineralization time more than 2 hours. No
increase in maximum indentation depth with increasing demineralization time was observed in
Figure 4.8. It is considered that the dentin sample approached a perfect elastic body and was more
likely to recover its elasticity with increasing demineralization time. The deformation gradually
rebounds over time. From the SEM image of the indentation by HAMILTOM in Figure 4.7, the
indentation is contoured when the demineralization time is 1 hour or less. However, the contour
becomes unclear and the contour ridge increases when the demineralization time is two hours or
more. The modulus of elasticity of the demineralized dentin is 1.6 GPa, suggesting that it is more

easily deformed compared to the sound dentin, which has a modulus of elasticity of 19.5 GPa [97].
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4.5.2 Comparison with theoretical formula

The relationship between the theoretical formulas for the projected areas of indenter/material
contact by HAMILTOM and Vickers hardness and the actual values measured in the experiments
should be discussed for physical interpretation of dark area. Figure 4.12 shows the relationship
between the projected areas of indenter/material contact by HAMILTOM and Vickers hardness
calculated with the theoretical formulas for the projected areas of indenter/material contact by
HAMILTOM shown in Equation (6) and for Vickers hardness shown in Equation (7). 0.49 N was
assigned as the load F for the dark areas, and 4.9 N was assigned as the load F for Vickers
hardness. The composite elastic modulus E of dentin in the wet condition was assigned to the dark
areas, and those of dentin in the dry condition was assigned to the Vickers hardness measured by the
previous study [98]. In addition, the elastoplastic parameters P were set to 0.003 for the dark area
and 3.2 for the Vickers hardness [98]. The power approximation was fitted for the relationship
between HAMILTOM and Vickers hardness from the theoretical formulas.
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Figure 4.12 The relationship between the projected areas of indenter/material contact by
HAMILTOM and Vickers hardness calculated with the theoretical formulas. The projected areas
of indenter/material contact by HAMILTOM were calculated from the theoretical formula shown
in Equation (6) and the Vickers hardness were calculated from the theoretical formula shown in

Equation (7).
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Figure 4.13 shows the comparison between the theoretical formulas for the projected areas of
indenter/material contact by HAMILTOM and Vickers hardness and the experimental results of
HAMILTOM and Vickers hardness. It is important to be noted that the indentation sizes measured by
SEM image with different demineralization times shown in Figure 4.9 were used as the dark area
since the theoretical formula did not take into account the effect of the exuded water in the dark area.
The Vickers hardness was calculated with the calibration curve obtained in groupl in Figure 3.6. It
was confirmed that the relationship between the experimental values of the dark area and the Vickers
hardness measured in this study showed the same trend of the power approximation as obtained by
the theoretical formulas by Figure 4.13. The experimental values of HAMILTOM indentation sizes
tended to be smaller than the theoretical values. The experimental values of indentation size might
have decreased compared to the dark area measurement due to the elastic recovery of dentin.
Therefore, it could be possible to separate the effects of exuded water by the contact of the indenter
and the elastic recovery in the difference between the dark area and the indentation area by

comparison with the theoretical equation.
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Figure 4.13 The relationship between the indentation area measured by SEM after measurement
with HAMILTOM and Vickers hardness and the relationship between the indenter/material
projected area and Vickers hardness calculated with the theoretical formulas. Dotted line showed

the approximate expression. A determination coefficient was shown.
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4.5.3 Invasiveness to dentin of HAMILTOM

The invasiveness of hardness measurement with HAMILTOM needed to be clarified for the
clinical use of HAMILTOM, and invasiveness to sound dentin sample of HAMILTOM was
evaluated and compared with the conventional dental prove in this study. The indentation depth
measured by the confocal laser microscope was very small compared to the depth calculated from
the dark area based on the indenter shape used in this study (conical shape with a 90° apex angle) as
shown in Figure 4.8, suggesting elastic recovery. Therefore, in samples with a long demineralization
time, the elastic recovery of the dentin after the indenter is removed may also contribute to the
significant difference between the dark area and the indentation area. Elastic recovery is desirable
and may further reduce the indentation size of the demineralized dentin over time. From the
perspective of invasiveness, the indentation left after the hardness measurement with HAMILTOM
should be small and minimally invasive. Thus, the difference between the dark area measured by
HAMILTOM and the actual indentation area may originate from a combination of the water exuded
from the dentin due to the insertion of the indenter and elastic recovery of the dentin after removal of
the indenter. To accurately interpret the hardness measured using HAMILTOM, each factor should
be investigated independently. Dentin emits green fluorescence upon irradiating teeth with excitation
light [99]. Consequently, how to isolate each factor using the fluorescence emitted should be
investigated as it may be possible to calculate the percentage of dentin deformation in the dark area
by fluorescence observations. Additional research should be conducted to discuss the invasiveness of
dentin during hardness measurements using HAMILTOM. Comparison of the actual indentation area
with the dark area measured by HAMILTOM confirmed that these differ. Since demineralized dentin
is often removed after diagnosis, while sound dentin is not, it is critical to consider the invasiveness
on sound dentin. The indentation depth by the dental probe with the dentist simulating palpation on
sound dentin is more than double that by HAMILTOM with a load of 250 gf in Figure 4.11.
Although the probe palpation results in this study are from one dentist and the invasiveness may vary
among dentists, the results suggest that HAMILTOM is less invasive than probing during palpation.
Here, HAMILTOM defines hardness by measuring the dark area of attenuation at a load of 50 gf,
assuming actual clinical use. However, a dentist operating HAMILTOM may apply a load greater
than 50 gf. Even at a load of 250 gf, which is significantly higher than the HAMILTOM load of 50
gf, the indentation depth is less than half that of the dental probe, suggesting that HAMILTOM is
less invasive than palpation even for practical use in a clinical setting. Hence, HAMILTOM could be

minimally invasive.
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4.6 Conclusion of this chapter

The study in this chapter physically interpreted the dentin hardness measured using HAMILTOM
and considered its measurement mechanism. Additionally, the dentin hardness measurement
mechanism and the invasiveness of HAMILTOM measurements on dentin samples were evaluated to
clarify the definition of ‘Hardness’ measured using HAMILTOM and evaluate the safety of
HAMILTOM for clinical practical application. The results of the comparison of the dark area
measured by HAMILTOM and the size of indentation created on the dentin samples observed by
SEM images confirmed that the dark areas were not the size of the indentation suggesting the
influence of the water exuded by the contact of the indenter and the elastic recovery of the dentin
sample after removal of the indenter were included. A comparison of the indentation depths
demonstrated that palpation by a dental probe caused a larger indentation depth than HAMILTOM,
suggesting that HAMILTOM was less invasive. Hence, HAMILTOM holds promise as a minimally

invasive hardness diagnostic method for root caries.
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Chapter 5

Conclusion

Based on the minimal intervention, the new treatment and diagnostic techniques for dental caries
using light were developed in this study. This study aimed to develop the treatment with the caries
selectivity of removal using the O-switched Er:YAG laser. Since carious dentin contains more water
than sound dentin, caries selective removal could be possible with a laser considered by taking
advantage of the difference in absorption spectra due to OH stretching vibrations exhibited by the
wavelength of 2.94 um. The characteristics of laser ablation to dentin slices were examined and
compared between the Q-switched Er:YAG laser with a pulse duration of 80-130 ns and the
free-running Er:YAG laser with a pulse duration of 200-300 ps without water spray. Furthermore, as
the most minimal-intervention approach, the diagnostic method to objectively and quantitatively
measure the dentin hardness with a LED light was aimed to prevent unnecessary caries treatment.
The demonstration of the basic principle of an optical dentin hardness measurement device using
bovine dentin samples with different demineralization times, and the mechanism of dentin hardness
measurements using HAMILTOM and the invasiveness to dentin were evaluated.

The study to develop the treatment with the caries selectivity of removal using the Q-switched
Er:YAG laser started with the experiments to evaluate the selective removal for caries with the
O-switched Er:YAG laser and compare with the conventional free-running Er:YAG laser.
Consequently, the possibility of the selective removal was suggested under certain laser irradiation
conditions. However, the condition and progression of caries depends on situations and the dentin
hardness needed to be measured essentially to achieve the selective removal for caries because the
laser ablation depth and the Vickers hardness was correlated, which suggested the significance of
dentin hardness measurement in a clinical setting before caries treatment.

This study developed the dentin hardness measurement method to objectively and quantitatively
evaluate the activity and progress of root caries in a clinical setting. With the demonstration of
HAMILTOM using bovine dentins with different demineralization times, the correlation between the
dentin hardness measured by HAMILTOM and measured by the Vickers hardness tester was
confirmed. Moreover, the mechanism of dentin hardness measurements and the invasiveness to

dentin were evaluated in this study in order to interpret the dentin hardness measured by
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HAMILTOM physically. The results shown in Chapter 3 and 4 suggest that HAMILTOM has the
potential of a new diagnostic device for caries and a strong support for the realization of selective
removal for caries to measure the dentin hardness in a clinical setting as the most

minimal-intervention approach.
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