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ABSTRACT

Problem: The effect of remaining tooth structure on strain in compromised teeth
is not fully understood. Different remaining tooth quantities may affect stress and
strain concentration within the remaining structure and potentially the longevity of

the related restoration.

Objectives: The aim of this project was to map and evaluate tooth strain levels
at different stages and areas of structural tooth loss created by dental preparation
(simulating caries created lesions) or soft drink demineralisation (simulating
external acid erosion lesions), before and after restoration, and to evaluate and
compare different strain measurement techniques: strain gauges (SG), the
surface displacement field measured using digital image correlation (DIC),
electronic speckle pattern interferometry (ESPI), and finite element analysis
(FEA). In addition, testing teeth affected by erosion required testing and verifying

different acid demineralisation protocols.

Material and methods: Part I: Enamel samples (sound, polished) were subjected
to extended 25 hours (hr) soft drink immersion protocols (accelerated, prolonged)
with different salivary protection conditions (no saliva, artificial saliva, and natural
saliva) to compare enamel surface loss. Moreover, enamel surface loss of
extended erosion periods simulating different levels of clinical erosion lesions was
calculated by different imaging methodologies. Microscopic analysis was
performed to compare subsurface changes of early and extended erosion
protocols. Part Il: Strain under static loading was compared in teeth with different

stages of unrestored occlusal and buccal accelerated soft drink demineralisation
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lesions and after restoration using different techniques (strain gauges, electronic
speckle pattern interferometry, and finite element analysis). Part Ill: Strain under
static loading was compared in prepared teeth with different remaining tooth
dimensions and different restorations using strain gauges and digital image

correlation techniques.

Results: Part I: No statistical significance was detected in enamel thickness loss
between sound and polished enamel samples in the accelerated erosion groups
under all salivary conditions or between early and extended erosion groups
tested. Part II: All testing methodologies measured an increased strain reading
after 1 day in occlusal erosion group followed by gradual decrease, while,
continuous increase in strain was observed with buccal erosion progression. For
both groups, all restorative materials used were able to restore strain close to pre-
treatment level. However, strain distribution pattern was more favourable in
ceramic and gold occlusal onlays than composite onlays. Part Ill: for both strain
gauges and digital image correlation, remaining tooth height O 3 mm and wi dt
1 to 1.5 mm of the remaining tooth structure had a positive effect on strain. Tooth
compositions of enamel and dentine resisted strain better than dentine
counterparts at all dimensions. Both core restorations (with and without cuspal
coverage) were found to support the remaining tooth structure and reduce strain.
However, only cuspal coverage recorded significantly lower strain than their

unrestored counterparts.

Conclusion : Restorations bonded to advanced erosion induced lesions restored
strain levels to pre-treatment condition and produced a more favourable strain

distribution pattern highlighting the role of adhesion in reducing strain. Remaining
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tooth structure suffers less strain under loading when enamel is part of the
structure and when the minimum dimension of 3 mm in height and 1.5 mm in width
is preserved. Bonding of core restoration or cusp coverage aids in reducing strain
under loading. All strain measuring methodologies were comparable, where
similar strain behaviour was recorded. Remineralisation of enamel and dentine is

effective in the management of initial erosion.



RESEARCH | MPACT STATEMEN’

The human oral environment is involved with the first stages of digestion.
Tooth structure, diet, oral flora, and saliva are interrelated physically and
chemically in one integrated system that contributes to health and in some
circumstances to disease. Human diets have changed over the years to include
less abrasive foods and more sugars and acids; in particular carbonated drinks,
sports drinks, and fruit juices, leading to imbalance within the oral environment
complex. The high consumption of these foods explains the two common dental
diseases; caries and acid erosion. Teeth that are heavily affected by these
conditions may lose a considerable amount of their structure. Under loading, the
remaining tooth structure suffers concentration of stresses and strain which may
ultimately lead to tooth fracture or loss. Some studies have suggested that stress
and strain levels in teeth were directly related to the amount of tooth structure

loss.

Reports have shown that about 60% of all operative dental workload is related
to placement and replacement of restorations. Therefore, management of
compromised teeth should ensure the achievement of proper cavity design and
the best restorative material selection. Ideally, the final restoration should restore

the lost tissue to its original shape and strain condition.

This research focused on testing strain under loading in different operator
generated remaining tooth dimensions; simulating different stages of tooth
structure loss after caries or external acid erosion. Strain testing under loading

was achieved within the physiological limit for human teeth before and after
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preparation and after the application of different restorations whilst utilizing
different conventional and new strain measuring methodologies. Results were
compared to evaluate strain at all stages, test the potential restoration of strain to
sound condition levels, and to verify the different strain measuring techniques
applied and conclusions about the most favourable remaining tooth dimensions
could be drawn. The application of multiple testing methodologies allows
comparison and verification of results, collaboration between different scientific
fields, and exchange of experience between dental researchers and experts from

other specialties.

Various soft drink demineralisation protocols were tested and compared to
decide the best protocol to apply for advanced erosion lesion creation. Soft drink
erosion tests gained a deeper insight into their impact on dental tissues to diet
and in turn provided dentists with data for patient education and to raise public
awareness. This would include evidence about damage caused by high
carbonated drink consumption and recommendations of optimal toothpaste type

and application method.

This is an in vitro study which has limitations. However, it can be used as a
baseline for future in vivo studies in the same area. In addition, the research
findings and recommendations should give guidance to dentists through clinical
management of compromised teeth, starting from prevention to the operative
decision of the amount of remaining tooth structure to preserve and the most

favourable restoration design and material to apply.
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EROSION, (E) ACCELERATED 10 DAY EROSION, AND (F) ACCELERATED 14 DAY EROSION.

FIGURE 2.5: OCT SCAN SHOWING ENAMEL SURFACE LOSS IN ACCELERATED 25 HR (1 DAY)
EROSION SAMPLES, (A) WITHOUT SALIVA ON SOUND ENAMEL SURFACE (SANS), (B)
WITHOUT SALIVA ON FLAT POLISHED ENAMEL SURFACE (PANS), AND (C) WITH NATURAL
SALIVA OVER 12 MONTHS PERIOD ON A FLAT POLISHED ENAMEL SURFACE (PPSP). RED
DASHED LINE IS THE REFERENCE UNTREATED SURFACE CONTOUR. .......uvviiiieeeannnnne 107

FIGURE 2.6: OCT SCAN SHOWING ENAMEL SURFACE LOSS IN ACCELERATED EROSION
SAMPLES ON SOUND ENAMEL SURFACE WITHOUT SALIVA (SANS) AT DIFFERENT TIME
POINTS. (A) SOUND ENAMEL SURFACE (B) 7 DAYS, (C) 10 DAYS, (D) 14 DAYS, AND (E)
21 DAYS, (F) 14 DAYS OCCLUSAL MOLAR EROSION SHOWING DENTINE CUSPS WITH NO
ENAMEL. RED DASHED LINE IS THE REFERENCE UNTREATED SURFACE CONTOUR..... 108

FIGURE 2.7 A CROSS-SECTION IN A PREMOLAR EMBEDDED IN EPOXY RESIN WITH A
SEQUENTIAL ACCELERATED EROSION LESION OVER THE BUCCAL ENAMEL SURFACE. 1=1
DAY EROSION, 7= 7 DAY EROSION, 10= 10 DAY EROSION, AND 14= 14 DAY EROSION. RED
DASHED LINE IS THE REFERENCE UNTREATED SURFACE CONTOUR. .....cccvvviiiiiiininnnns 109

FIGURE 2.8: SEM IMAGES OF ENAMEL SURFACE SOFTENED BY 25 HR COLA EROSION. (A), (B),
AND (C) ACCELERATED EROSION WITHOUT SALIVA (SANS) AT DIFFERENT
MAGNIFICATIONS. (A) 500X, GENERALIZED EXPOSED ENAMEL PRISMS IN A HONEY COMB
PATTERN, (B) 1500X, A CLEAR HONEY-COMB PATTERN AND SURFACE DEPOSITS, (C)
5000X, THIN DELICATE CRYSTALS PROJECTING FROM THE SURFACE OF THE PRISMS WITH
DIFFERENT CRYSTAL ORIENTATION AT THE BOUNDARIES, (D) PROLONGED 25 HR COLA
EROSION OVER 12 MONTHS SHOWING (PPSP) i 1500X, ENAMEL SURFACE AND PRISMS
COVERED BY A UNIFORM CONTINUOUS LAYER OF AMORPHOUS MINERAL DEPOSITS. . 113

FIGURE 2.9: SEM IMAGES OF TOOTH SURFACE SOFTENED BY ACCELERATED COLA EROSION
FOR (A) 4 DAYS - 1000X, (B) 7 DAYS - 1000X. BOTH SHOWING PROMINENT CONTINUOUS
PSEUDO-HEXAGONAL NETWORK REPRESENTING ENAMEL PRISM BOUNDARIES WITH
INTERVENING HOLES (INTRAPRISMATIC PORES) WHICH MAY HAVE FORMERLY BEEN
CRYSTAL AGGREGATES. (C) 10 DAYS - 1000X, SHORT ENAMEL PRISM BOUNDARY
PROJECTIONS AT SOME AREAS AND (D) 10 DAYS - 1200X, HIGHER ENAMEL PRISM
BOUNDARIES AT OTHERS, (E) 14 DAYS - 1500X, REMNANTS OF THE ENAMEL PRISM
BOUNDARY PROJECTIONS AT SOME AREAS, (F) 14 DAYS - 2000X, DISAPPEARANCE OF
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ENAMEL PRISM BOUNDARIES AND EXPOSED DENTINE AT OTHER AREAS WITH SOME OPEN
DENTINAL TUBULES, (G, H, I), (G) 16 DAYS - 1000X, (H) 18 DAYS - 1000X, AND (1) 21
DAYS- 2500X, ALL SHOWING DIFFERENT LEVELS OF DENTINE MATRIX DISSOLUTION
EXPOSING INTERWOVEN DISTORTED COLLAGEN MATRIX. (J) 27 DAYS - 1000X,
DISSOLVED COLLAGEN MATRIX, AND (K) 29 DAYS - 1000X, UNSTRUCTURED DENTINE
LY N 115

FIGURE 2.10: MEAN £ STANDARD DEVIATION AND VALUE RANGE OF SURFACE LOSS OF ALL
TESTED ENAMEL GROUPS AFTER 25 HR COLA EROSION WITH DIFFERENT ENAMEL
SURFACE FINISHES, IMMERSION PROTOCOLS, AND SALIVA CONDITIONS (SANS, PANS,
PAAS, PASP, AND PPSP). ...iiiiiiiiiiiiiiiiiiiiiiiiiiieeiiaaaaaaaaaaasaaaasssasssssssssssssnnnnnes 116

FIGURE 2.11: COMPARISON OF THE MEAN SURFACE LOSS (uM) BETWEEN ENAMEL GROUPS
(SANS, PANS, AND PPSP) RECORDED BY THE LASER PROFILOMETER (PROSCAN) AND
CALCULATED FROM OCT IMAGES. EXTRA MEASUREMENTS OF SANS GROUP WERE
OBTAINED FROM LIGHT MICROSCOPE IMAGES. .....ceiiiuutiiiieieaeeesasiiiineeeeae e e e e sninseeens 116

FIGURE 2.12: MEAN + STANDARD DEVIATION OF ENAMEL/ ENAMEL AND DENTINE SURFACE
LOSS WITH ACCELERATED COLA EROSION OF A SOUND TOOTH SURFACE IN THE ABSENCE
OF SALIVA (SANS) AT DIFFERENT TIME POINTS CALCULATED FROM OCT, PROSCAN, AND
LIGHT MICROSCOPE IMAGES. (1D= 1 DAY EROSION, 7D= 7DAY EROSION, 10D=10 DAY
EROSION, 14D= 14 DAY EROSION, AND 21D= 21 DAY EROSION). .....uceeeeeeerrrernrrnnnnn. 117

FIGURE 2.13: A DIAGRAM OF AN EROSION SAMPLE PREPARATION BY CROSS-SECTIONING AND
RESIN RE-EMBEDDING FOR CONFOCAL MICROSCOPE VIEWING -COURTESY OF
(LAURANCE-YOUNG, 2012). ..o 128

FIGURE 2.14: CONFOCAL OPTICAL SECTION SCANS OF SOUND ENAMEL SPECIMENS, UNDER
FLUORESCENT CHANNEL AND RHODAMINE B DYE. (A, B, & C) SURFACE ENAMEL SECTION
SHOWING DIFFERENT ENAMEL PRISM ORIENTATION. RESIN LIES ON TOP OF IMAGES (D)
MID-THICKNESS ENAMEL SECTION. 1.uutttuieitueeeuneeetuseeenneeeneeesneeenneeraneesnneeeeneennnns 129

FIGURE 2.15: CONFOCAL OPTICAL SECTION SCAN OF ENAMEL UNDER FLUORESCENT CHANNEL
AND RHODAMINE B DYE, AFTER DIFFERENT CONDITIONS OF 25 HR EROSION. IN ALL,
BLACK PUNCHED OUT CAVITIES ARE OBSERVED DIRECTLY UNDER THE ERODED ENAMEL

SURFACE PRESUMED TO BE SUBSURFACE ENAMEL LESION. (Al & A2) ACCELERATED

18


file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104932
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104932
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104932
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104932
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104932
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104932
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104933
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104933
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104933
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104933
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104934
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104934
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104934
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104934
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104935
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104935
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104935
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104935
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104935
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104936
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104936
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104936
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104937
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104937
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104937
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104937
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104938
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104938
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104938
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104938

EROSION (PANS), (B) PROLONGED EROSION OVER 12 MONTHS (PPSP), AND (C) EARLY
EROSION (PESP). ittt e e e e e e e e an s 130

FIGURE 2.16: MEAN * STANDARD DEVIATION OF ENAMEL SUBSURFACE LESION EXTENSION
WITH DIFFERENT EROSION PROTOCOLS (PANS, PPSP, AND PESP) CALCULATED FROM
CLSM IMAGES, (N= 8. 1ot 134

FIGURE 3.1: MOUNTED MOLAR SAMPLE WITH CERVICAL NAIL VARNISH BAND. .........cccuun... 142

FIGURE 3.2: SILICONE PUTTY REFERENCE KEY DUPLICATING THE CROWN OF A SOUND SAMPLE.

FIGURE 3.3: PLASTIC VACU-FORMED POLYMERIC SHELL DUPLICATING THE CROWN OF A SOUND
SAMP L. i e 143

FIGURE 3.4: SOUND MOLAR WITH BUCCAL EROSION WINDOW CREATED BY NAIL VARNISH
SEALING . 1ttt e 144

FIGURE 3.5: OCCLUSAL EROSION LESION FORMATION STEPS. (A) SOUND SAMPLE- BUCCAL
VIEW, (B) SOUND SAMPLE- OCCLUSAL VIEW, (C) 1 DAY EROSION, (D) 7 DAY EROSION, (E)
10 DAY EROSION, AND (F) 14 DAY EROSION. ...uiiieeeiiieiiiiiiee e e e eeeeeettiee e e e e e e e eeeenanaanns 145

FIGURE 3.6: BUCCAL EROSION LESION FORMATION STEPS. (A) SOUND SAMPLE, (B) 1 DAY
EROSION, (C) 7 DAY EROSION, (D) 10 DAY EROSION, AND (E) 14 DAY EROSION. ...... 145

FIGURE 3.7: OCCLUSAL 14 DAY EROSION LESION (OCCLUSAL VIEW) WITH A CHAMFER-LIKE

o NS BN =PRI 147
FIGURE 3.8: PREPARED SAMPLE DUPLICATION. ...cuuuuiiiiiiiieeeeiieeeeestieeeeesineeseatnnaeeeesnnnnns 147
FIGURE 3.9: STONE DIES DUPLICATING PREPARED SAMPLES........ccuvtiieeieeeeeeeeerriiee e 148
FIGURE 3.10: OCCLUSAL ONLAY WAX BUILD-UP. ....uuiiiiieiiieeiiieeeieeeeteeeeaaeeeieeeaneeannaes 148
FIGURE 3.11: SPRUED OCCLUSAL ONLAY WAX PATTERNS. ....cctuiiiiiieeiiieeeiieeeieeeieeeaneens 148

FIGURE 3.12: THE SPRUED WAX PATTERNS OF GOLD ONLAY (NBG, BG) ATTACHED TO THE
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COMPOSITE ONLAY). ciiitieitiites e e e e e e e eeetties e e e e e e e e e eetaa e e e e eeeeeeastaaaeeeaeeseessranaaaaeas 179

FIGURE 3.35: MEAN EQUIVALENT STRAIN VALUES IN FEA MODEL FOR ALL OCCLUSAL
EROSIVE/RESTORATIVE STAGES RECORDED AT THE CERVICAL BUCCAL WALL (AREA
SIMULATING EXPERIMENTAL STRAIN GAUGE POSITION). (BASELINE= SOUND TOOTH, 1D=
1 DAY EROSION, 7D= 7 DAY EROSION, 10D= 10 DAY EROSION, 14D= 14 DAY EROSION,
NBG= NON-BONDED GOLD ONLAY, BG= BONDED GOLD ONLAY, IPS=IPS E.MAX ONLAY,
OC= OCCLUSAL DIRECT COMPOSITE ONLAY). .eetttttttruuaeeeeeereeeneinnsaeaeeeeeansnnnanaaaaes 180

FIGURE 3.36: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED
CASE OF A SOUND MOLAR MODEL. (A) OCCLUSO-BUCCAL VIEW) WITH CENTRAL FOSSA
STRAIN CONCENTRATION AND LOW LEVEL AT THE OUTER ENAMEL AREA, (B) MIDSECTION
VIEW SHOWING MEDIUM STRAIN LEVEL DISTRIBUTED IN ENAMEL AND UNDERLYING

9= NV N 181

22


file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104970
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104970
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104970
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104970
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104971
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104971
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104971
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104971
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104972
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104972
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104972
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104972
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104972
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104973
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104973
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104973
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104973
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104973
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104973
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104974
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104974
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104974
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104974
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104974
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104974
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104975
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104975
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104975
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104975
file://///ad.ucl.ac.uk/home4/rmhval4/DesktopSettings/Desktop/final%20thesis%20printed%20document/THESIS-%20POST%20VIVA%20CORRECTIONS%20-%20Copy2.docx%23_Toc33104975

FIGURE 3.37: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED
CASE OF 1 DAY ERODED MOLAR MODEL. (A) OCCLUSO-BUCCAL VIEW WITH A WIDER
CENTRAL FOSSA STRAIN CONCENTRATION AREA THAN THE SOUND MODEL WITH LOW
STRAIN LEVEL IN THE OUTER ENAMEL LAYERS, (B) MIDSECTION VIEW SHOWING LOWER
STRAIN LEVELS THAN THE SOUND MODEL WITH SIMILAR DISTRIBUTION BETWEEN ENAMEL
AND UNDERLYING DENTINE. .. ettt e e e e 181

FIGURE 3.38: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED
CASE OF 7 DAY ERODED MOLAR MODEL. (A) OCCLUSO-BUCCAL VIEW WITH A WIDER
CENTRAL FOSSA STRAIN CONCENTRATION AREA THAN THE PRECEDING MODEL WITH LOW
STRAIN LEVEL IN THE OUTER ENAMEL LAYERS, (B) MIDSECTION VIEW WITH A HIGH RISE IN
STRAIN LEVEL IN BOTH ENAMEL AND UNDERLYING DENTINE (IN DENTINE MORE THAN
= T 182

FIGURE 3.39: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED
CASE OF 10 DAY ERODED MOLAR MODEL. (A) OCCLUSO-BUCCAL VIEW WITH A WIDER
CENTRAL FOSSA STRAIN CONCENTRATION AREA THAN THE PRECEDING MODEL WITH LOW
STRAIN LEVEL IN THE OUTER ENAMEL LAYERS, (B) MIDSECTION VIEW WITH FURTHER HIGH
RISE IN STRAIN LEVEL IN BOTH ENAMEL AND UNDERLYING DENTINE (IN DENTINE MORE
THAN ENAMEL) ..t tttttttttteeeeeee ettt ettt ettt ettt ettt et ettt ettt ettt ettt et e e e ettt ettt e ettt ee e e e et e eeeeeeeeeeeeeees 182

FIGURE 3.40: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED
CASE OF 14 DAY ERODED MOLAR MODEL. (A) OCCLUSO-BUCCAL VIEW SHOWING THE
WIDEST AREA OF CONCENTRATED STRAIN OF ALL EROSIVE STAGES WITH LOW STRAIN
LEVEL IN THE OUTER ENAMEL LAYERS, (B) MIDSECTION VIEW SHOWING THE HIGHEST
STRAIN LEVELS IN DENTINE AMONG THE EROSIVE STAGES REACHING THE ROOF OF THE

I O N 1 183

FIGURE 3.41: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED
CASE OF NON-BONDED GOLD ONLAY (NBG) RESTORED MOLAR MODEL. (A) OCCLUSO-
BUCCAL VIEW, WITH A CONFINED CENTRAL AREA OF HIGH STRAIN AND LOW LEVELS IN THE
OUTER ENAMEL LAYER, (B) MIDSECTION VIEW SHOWING STRAIN CONCENTRATION IN
(NBG) ONLAY AND UNDERLYING RESIN CEMENT MORE THAN UNDERLYING DENTINE. 183

FIGURE 3.42: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED
CASE OF BONDED GOLD ONLAY (BG) RESTORED MOLAR MODEL. (A) OCCLUSO-BUCCAL
VIEW, WITH A CONFINED CENTRAL AREA OF HIGH STRAIN AND LOW LEVELS IN THE OUTER
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ENAMEL LAYER, (B) MIDSECTION VIEW SHOWING STRAIN CONCENTRATION IN (BG) ONLAY
AND UNDERLYING RESIN CEMENT MORE THAN UNDERLYING DENTINE. ....cccevviiuvrnnen. 184

FIGURE 3.43: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED
CASE OF IPS EMPRESS ONLAY (IPS) RESTORED MOLAR MODEL. (A) OCCLUSO-BUCCAL
VIEW, WITH A CONFINED CENTRAL AREA OF HIGH STRAIN AND LOW LEVELS IN THE OUTER
ENAMEL LAYER, (B) MIDSECTION VIEW SHOWING STRAIN CONCENTRATION IN (IPS) ONLAY
AND UNDERLYING RESIN CEMENT WITH LOWER LEVELS IN DENTINE. ....ccceeeeriiiiiinnnn. 184

FIGURE 3.44: STRAIN DISTRIBUTION AREAS, MAXIMUM, AND MINIMUM VALUES IN FEA LOADED
CASE OF DIRECT COMPOSITE RESIN ONLAY (OC) RESTORED MOLAR MODEL. (A)
OCCLUSO-BUCCAL VIEW, WITH A WIDE HIGH STRAIN AREA CONCENTRATED IN THE
CENTRAL FOSSA UNDER THE LOADING POINT AND LOW LEVELS IN THE OUTER ENAMEL
LAYER, (B) MIDSECTION VIEW SHOWING THE HIGHEST STRAIN LEVEL CONCENTRATION

UNDER THE LOADING POINT IN COMPOSITE AND UNDERLYING DENTINE. .........cccceuei. 185
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FIGURE 4.3: SAMPLE WITH DIRECT COMPOSITE RESIN CORE BUILD-UP (CORE1). A. BUCCAL
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FIGURE 4.4: SAMPLE WITH DIRECT COMPOSITE RESIN CUSPAL COVERAGE BUILD-UP (COREZ2).
A. BUCCAL VIEW, B. PROXIMAL VIEW.. ...etuuieetnieeeseeeieeeee e et eeetseeaaeeennaeeeneeenneenens 212

FIGURE 4.5: A TYPICAL IMAGE USED FOR DISPLACEMENT FIELD MEASUREMENT. ............. 216

FIGURE 4.6: A FULL FIELD DISPLACEMENT MEASUREMENT USING DIC SHOWING MOVEMENT IN
THE VERTICAL DIRECTION, THE PIXELS INCREASE FROM TOP TO BOTTOM. THE SCALE IS
IN MICROMETRES. .. e e e as 217

FIGURE 4.7: THE MEAN STRAIN VALUES FOR ALL THE GROUPS * STANDARD DEVIATION WITH
DIGITAL IMAGE CORRELATION (DIC) TESTING FOR BOTH DENTINE (DE) AND
ENAMEL+DENTINE (E+DE) GROUPS. N=10 PER GROUP (*P< 0.05). A, (HEIGHT TO WIDTH
RATIO (H:W) = 2:1MMm). B, (H:W= 3:1mMm), C, (H:W= 3:1.5Mwm), D, (H:W= 4.5:1.5MMm).
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FIGURE 4.9: COMPARISON OF THE MEAN STRAIN VALUES WITHIN EACH DIMENSION GROUP
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1.1 Historic Background:

Tooth wear and dental pathology date back in history to antiquity.
Investigation of archaeological sites in China and Germany unearthed human
remains with preserved teeth from the Bronze and Iron Age. Variable levels and
distributions of dental caries and tooth wear were observed. In general, heavy
wear affected both posterior and anterior teeth in all specimens (Liu et al., 2010,
Meng et al., 2011, Nicklisch et al., 2016). Their findings are used as a tool to
assess the lifestyle, diet, and food-preparation techniques in the past. Also, CT
scans of the Egyptian Djedmaatesankh mummy, a Theban woman from the 22nd
Dynasty (~9th Century BC), showed extensive dental disease including missing
teeth, severe attrition, caries, and periodontal disease. Most of the remaining
teeth exhibit exposure of their dental pulps with some afflicted by periapical
lesions. Some of those lesions could have contributed to a large secondarily
infected radicular cyst that displaced the maxillary antrum and enlarged the
maxi | | a. Dj edmaatesankhés widespread dent
considerable pain, malaise and personal distress, and possibly caused her death.

(Melcher et al., 1997).

By the middle of the seventeenth century in France, sufferers from toothache
typically followed several courses to deal with dental pain. They could purchase
a medicine that promised the cure. If the pain became too severe to tolerate, self-
assisted tooth-drawer extraction was performed; or, finally, they could seek the
services of a surgeon to end the ordeal . T

although teeth operations had long been an integral part of his practice. The main
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route was extraction, but occasionally the surgeon would perform tasks as
cleaning of teeth, removal of decay, and fixing loose teeth using particular tools
specially designed for these operations. By the final decade of the seventeenth
century, the possession and knowledge of how to use these instruments, was
firmly established as a basic (alth

practice (King, 2017).

The early decades of the eighteenth century saw the appearance of a
completely new type of practitioner who for some would present a final option: the
dentiste. The practice of the dentiste, although not extensive, was focused on
teeth. That included relief of pain, reshaping and straightening of misplaced teeth
and even replacement of missing teeth. This new aspect of practice represented
a radical change from what had gone before and was all built on sound surgical
foundations, leading the dentiste to occupy a respected position within the society

in general and the medical world in particular (King, 2017).

Eighteenth century Archaeological excavations have shown poor dental
health amongst London populations at that time. At least 96% of the oldest adults
(56+ years) were affected by dental caries. This could be attributed to the wide
accessibility of refined sugars and finely milled carbohydrates. Archaeological
evidence from this era showed dental innovation with the discovery of a full high
quality French style porcelain denture belonging to Archbishop Arthur Richard
Dillon (1721-1806). There was evidence of prolonged use and wear, not only for
cosmetic or speech functions but also for mastication. This was discovered during
archaeological investigation of St Pancras Old Church burial ground, London, in

advance of construction of new London terminus for the Channel Tunnel Rail Link.
31
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The dentures showed adoption of new materials and methods of manufacture.
They reflect an era of significant social and economic change of the French

society (Powers, 2006).

The first book on Dentistry (The operator for the teeth) written in English was
by Charles All ends in 1685.rBas Poleirdef tan
in 1728 with his book Le chirurgien dentiste ou traité des dents (The surgeon
dentist or treatise on the teeth), a collection of dental knowledge backed up by
many medical contributors (Baron, 1999, Spielman, 2007). Fauchard is widely
acclaimed as the OFather of Modern Denti s
techniques radical for practice of that time, as seating of patients for dental
procedures, while the conventional way was laying the patient on the floor. He
was also among those who dismissed worms as causative agents of dental
decay, and introduced the term O0dent al cart
and advice are valuable and still relevant to modern dental practice (Lynch et al.,
2006). During the 19™ century, the first school of dentistry was founded in
Baltimore, USA followed by the spread of dental schools and faculties around the
world defining dentistry as a recognized medical profession. In 1826, Amalgam
was first used when Traveau described a n
by mixing the silver coins with mercury (Bharti et al.,, 2010). For pain control,
inhalational with nitrous oxide, ether, ethyl chloride and chloroform were mostly
used as dental anaesthetics since mid-19t" century. It was not before 1884 that
the first successful application of local anaesthetic solution occurred in dentistry,
when Dr William Halsted conducted the first block of the mandibular nerve with
4% cocaine hydrochloride (Calatayud, 2003, Gopakumar and Gopakumar, 2011).
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In 1931, Drummond-Jackson introduced intravenous anaesthetics as
hexobarbitone and pioneered its use in dental practice (Gopakumar and
Gopakumar, 2011). In 1903, Dr Charles Land patented the first porcelain crown.
His invention applied fired porcelains for inlays, onlays, and crowns (McLaren and

Whiteman, 2010).

Studies of the effect of saliva on tooth enamel in reference to its hardening
and softening started by the early 1900s (Head, 1912, Lambrou et al., 1981, Rao
et al., 2017). Investigations of compounds that limit tooth bulk tissue loss started

by the mid- 20™ century.

Progressive changes in life style and diet affected the prevalence of dental
disease. The change from a high fibre diet and the rise in refined sugar
consumption since the 18" century with the introduction of sweetened drinks in
the recent years are all associated with caries. The situation continues today and
is further complicated with new pathologies such as acid erosion. That brings new
challenges to the dental profession, to raise awareness and find new solutions to

limit the problem, replace the lost, and protect what exists.

One of the main objectives of modern dentistry is prevention of disease,

restoration of | ost structur dowavardampjores er v a

challenge in everyday dental practice is the success rate, time to adequate clinical
function, expenses, and any complications that may occur (Doyle et al., 2006,
Angeletaki et al., 2016). The decision to restore a tooth, the selection of the

restorative materials and their production expenses should be weighed against

the patientodés financi al status without
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criteria especially when restoring severely compromised teeth (after caries or acid

erosion) where the remaining tooth structure is limited.

1.2 Literature Review:

Tooth fracture is a frequent restoratiyv
fracture can be the result of a combination of clinical factors, including quality,
quantity and age of remaining tooth structure (Soares et al., 2008b), cavity
preparation, choice of restorative material (Soares et al., 2006, Soares et al.,
2008b) and tooth loading. Caries, erosion, attrition and trauma commonly remove
tooth structure that in turn decreases the fracture resistance of the tooth and affect
stress distribution within the tooth. Stresses within tooth structure in combination
with strength properties are important to fracture resistance (Khera et al., 1990,
Bassir et al., 2013b). Teeth with different levels of reduced tooth structure related

to caries and acid erosion will be studied and analysed in this research work.

Tooth stresses generation is complicated by the non-homogeneous nature of
tooth structure and the irregularity of its contours. Tooth structure is composed of
different materials with widely varying properties. These include enamel, dentine,
pulp, cementum and supporting tissues of periodontium, and bone. Together with
the large variations in both the magnitude and direction of chewing forces, the

problem is further complicated (Rubin et al., 1983).

Load application to an object causes stress concentration and structural
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strain. The ultrastructural integrity of the body is not affected when this occurs
within the elastic limit. However, stress concentration beyond this limit may result
in crack formation and propagation which will eventually cause fracture and
structural failure (Rees et al., 1994, Soares et al., 2008a). The elastic modulus
reflects the direct linear relation between stress and strain. Understanding this
mechanical property is fundamental to understanding relationships between

materials and their biomechanical behaviour (Rees et al., 1994).

1.2.1 Caries Compromised Teeth:

1.2.1.1 Strain in Sound vs Restored Teeth:

(Magne and Belser, 2002) assessed the stress distribution in sound
unrestored molars under different occlusal load configurations and concluded that
even unrestored teeth suffer from strain under loading. The position of the tooth
structure loaded had an influence, as functional cusps were generally more
protected under compressive stresses than non-functional cusps, which exhibited
more tensile stresses. This also showed that vertical loading of teeth did not
generate harmful concentrations of stress compared to lateral loading. This
agrees with the findings by (Palamara et al., 2002) that oblique loading on the
buccal cusp led to higher strains oriented approximately 35-40° from the long axis
of the tooth. Regardless of loading direction and location, the marginal ridges and

proximal contact areas were sites of low strain.
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(Magne and Belser, 2002) also observed that high stress levels were related
to the shape of the loaded structure. Higher strain values were recorded during
non-working movement in the central groove of vertically loaded molars, denoting
that concave areas tend to concentrate stresses more than convex areas. This
confirmed the results of (Magne et al., 1999) who experimented on anterior teeth
and concluded that convex surfaces with thick enamel raise less concentrated

stresses than concave areas, which tend to concentrate stresses.

Many studies have confirmed that stress concentration and strain values were
directly influenced by the quantity of the tooth structure lost (Magne, 2007, Soares

et al., 2008a, Soares et al., 2008b).

As the fracture resistance of restored teeth is lower than sound teeth, the
dental practitioner is challenged by the design of the cavity preparation (Mondelli
et al., 1980, 2007, Pereira et al., 2013). One study showed that 92% of fractured

teeth had previously undergone restoration (Gher et al., 1987).

The presence of wide and/or deep restorations may be considered the highest
risk of tooth fracture (Valdivia et al., 2012), and cavity preparation typically
exaggerates the height of the remaining cusps rendering them unsupported.
When unsupported cusps are loaded they may deflect, rotate or fracture (Soares
et al., 2008b, Boaro et al., 2013, Pereira et al., 2013). While fracture may not
always occur, the tooth-restoration interface may open with deflection or torsion
of a weakened cusp. This may subsequently result in marginal leakage,

secondary caries formation, and possibly tooth fracture.
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1.2.1.2 Anatomical Position of Caries -Compromised Teeth (Anterior vs

Posterior):

Posterior teeth anatomy, with cusps and fossae, predisposes them to
deflection of cusps under stress (Bassett et al., 1964), the form and height of the

cusps influence the direction of stress.

To reduce tooth fracture, it appears to be important to maintain the marginal
ridge integrity (Wendt Jr et al., 1987, Reeh et al., 1989b, Magne, 2007, Mondelli
et al., 2007, Roperto et al., 2019). In intact teeth, strength is gained from marginal
ridges forming a continuous band of tooth structure. Mondelli et al. (1980) also
reported that the impact of the width of the isthmus in a cavity preparation was
less with Class | than with Class Il preparations. The reason behind this was
probably the marginal ridge preservation in the Class | preparation. He concluded
that a narrower isthmus would increase the fracture resistance of a prepared

tooth.

Bassir et al. (2013b) showed that the fracture resistance of sound teeth was
significantly reduced with Mesio-Occlusal (MO) and Mesio-Occluso-Distal (MOD)
cavity preparations. When non-destructive occlusal loading was applied, (Pereira
et al., 2013) observed that MOD cavities presented significantly higher values of
strain than MO, occlusal (O), or intact teeth. However, to reduce restorative
failure, some authors recommended that cavity preparations should have a
combination of a narrow occlusal outline and a shallow pulpal floor (Nadal, 1962,

Osborne et al., 1972, Mondelli et al., 1980, Blaser et al., 1983). Blaser et al. (1983)
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studied the fracture potential of teeth with MOD cavities, prepared with different
internal dimensions. They concluded that the isthmus width did not considerably

weaken the teeth as long as a shallow pulpal depth was maintained.

The behaviour of anterior teeth must be differentiated from the behaviour of
posterior teeth (Reeh et al., 1989b, Magne and Oganesyan, 2009, Bassir et al.,
2013a). Posterior teeth demonstrated dramatic reduction in crown stiffness with
MOD preparation, which confirms that the loss of marginal ridge integrity is the
most important contribution to the loss of tooth strength. While, stress distribution
within an incisor was not significantly affected when the tooth material was
removed proximally, whereas, a significant increase in flexibility occurred when
tooth material was removed facially and palatally in incisors tested against
multiple successive restorative procedures (Magne and Douglas, 2000, Magne

and Tan, 2008).

1.2.1.3 Quantification of Remaining Tooth Structure:

1.2.1.3.1 Remaining Tooth Dimensions (Width vs Height):

In order to assess the remaining tooth structure, both remaining wall width
and height should be examined. In the literature, few studies have assessed the
amount of residual tooth structure in vital teeth. Residual dentine thickness in vital
posterior teeth after all-ceramic crown preparation has been reported. The mean
residual dentine thickness between the axial wall and pulp chamber in posterior

teeth varied between 0.47 and 0.7mm (Polansky et al., 2000). Another study by
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(Seow et al., 2005) reported the thickness of remaining dentine on a maxillary
second premolar following various preparations for a metal-ceramic or all-ceramic
crown. The thinnest section of remaining tooth structure was the palatal wall with

only 0.8mm and <0.3 mm remaining, respectively.

To further look into studies of remaining tooth structure related to severely
compromised teeth, one should consider the literature discussing the restoration
of endodontically compromised teeth (Jotkowitz and Samet, 2010). This can be
attributed to the fact that non-vital teeth frequently lack tooth structure (Kurer,

1991).

Many in vitro studies on endodontically treated teeth have examined the effect
of the preserved coronal dentine height on the success of the final restoration.
They appear to agree that maintenance of a height of at least 2mm of coronal
dentine has a favourable effect (Sorensen and Engelman, 1990, Libman and

Nicholls, 1995, Bandlish et al., 2006, Verissimo et al., 2014).

(ALZDmiri and ALAVahadni, 2006) carried out an in vitro study to investigate
the effect of different heights of remaining coronal dentine on the fracture
resistance of teeth restored with composite cores. In their results, although
statistically insignificant, higher fracture resistance was witnessed with higher
retained dentine height. They also noticed that the fracture pattern was related to

the amount of retained dentine only when < 2 mm high.

It has been also recommended that preserving a 2mm of coronal dentine

thickness would improve resistance to fracture (Sorensen and Engelman, 1990,
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Assif et al., 1993, Ferrari et al., 2000, Murphy et al., 2009).

1.2.1.3.2 The Ferrule Effect:

One of the foundations of the restoration of the endodontic treated tooth is the
incor poration of the concept of o6ferrul
the amount of remaining sound dentine above the finish line. In fact, it is not the
remaining tooth structure that <const
bracing of the complete crown over the tooth structure, with a positive
strengthening influence protecting the remaining structure against fracture (Ng et
al., 2006, Pereira et al., 2006, Jotkowitz and Samet, 2010, Lima et al., 2010, Dejak

and Mgot kowski, 2013, Ausiello et al

It is common for only a partial ferrule to remain after crown preparation.
Various studies have demonstrated the positive influences of a uniform full ferrule
over a partial ferrule that varies in different parts of the tooth (Morgano and
Brackett, 1999, Tan et al., 2005, Arunpraditkul et al., 2009, Jotkowitz and Samet,
2010). However, the literature suggests that a non-uniform ferrule, although not
as ideal as a full 360°, 2mm ferrule, is still superior to no ferrule at all and has
value in providing fracture resistance. Arunpraditkul et al. (2009) compared
endodontically treated teeth with four walls to those with three walls and studied
the effect of the site of the missing coronal wall on teeth fracture resistance. They
concluded that teeth with four walls of remaining coronal dentine had significantly
higher fracture resistance than teeth with only three walls. Although the site of the
missing coronal wall did not significantly affect the fracture resistance of
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endodontically treated teeth, it was noticed that teeth without a buccal wall were
the least resistant to fracture among the tested groups. While, the least effect on
fracture strength was observed with teeth without a proximal wall. However,
different observations regarding the location of the remaining coronal structure
were found in anterior teeth. The results of (Ng et al., 2006) suggest that the
presence of a palatal axial wall is as effective as a 360-degree circumferential

axial wall in providing fracture resistance.

Similar finding were reported by (AlAVahadni and Gutteridge, 2002), who
demonstrated that retained coronal buccal dentine had a significant effect in
improving the fracture resistance of posterior teeth restored with partial dowel and

cores when compared to teeth without retained coronal dentine.

1.2.1.4 Clinical Evaluation of Remaining Tooth structure:

Clinical evaluation of the remaining coronal dentine is essential in the
restorative decision making. A tooth restorability index (TRI) was devised to allow
mapping of remaining tooth structure (McDonald and Setchell, 2005, Bandlish et
al., 2006). This index allows prediction of tooth restorability by allocating a
numerical value to tooth sections summing to a total value for the whole tooth.
After all existing restorations and unsupported tooth structure have been
removed; each tooth was divided into equal sextants: two proximal, two buccal

and two lingual areas. A scoring system of Oi 3 was allocated to each coronal
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dentine sextant (0O=none, l=inadequate, 2=questionable, 3=adequate)
contributing to retention and resistance forms. Thus, a maximum score of 18 could

be given for each tooth.

In their in vivo investigation to assess the remaining coronal tooth structure in
teeth prepared for complete and partial coverage restorations, Murphy et al.
(2009) used 3D scanning and a TRI to assess teeth preparations for full and
partial coverage restorations. They found there was a strong correlation between
mean TRI and scanned volume of tooth structure. They also confirmed that partial
coverage preparations removed less tooth structure than full coverage when
provided for the same teeth and this varied substantially depending on the tooth

anatomy.

Evaluation of remaining tooth structure should focus on both the quantity of
the remaining tooth structure and the available restorative options. With different
amounts of remaining tooth structure, different types of restorations are
recommended. In situations of minimal or no retention, adhesive restorations
have a major advantage of bonding to both enamel and dentine (van Dijken,
1999). Bonding to enamel is stable over time, but in vivo (Breschi et al., 2008, Liu
et al., 2011) and in vitro (De Munck et al., 2005) studies have revealed the limited
durability of resin-dentine bonds (Marchesi et al., 2013). Although most currently
used dental adhesive systems show favourable immediate results reflected in
good retention and sealing, dentine bonded interfaces may not withstand ageing
and may show long-term degradation (Van Meerbeek, 2003, Frassetto et al.,
2016). While, clinical trials evaluating adhesive systems have found dramatically

variable bonding qualities between tested materials (van Dijken, 2000). Also,
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Marchesi et al. (2014) evaluated the bond strength of a multimode-adhesive
system to dentine and stability after ageing. Their results showed no differences
between groups at baseline. While, after 1 year of storage, only Scotchbond
Universal applied in the self-etch mode and Prime&Bond NT showed higher
strength compared to the other groups. Given that the dentine- adhesive bond
varies among different conditions and it deteriorates with time, reliance purely on
adhesion may not be ideal and investment in studying remaining tooth structure

is still considered important to long-term outcomes.

1.2.2 Erosion Compromised Teeth:

Erosion of dental tissues refers to the irreversible chemical and chemical-
mechanical processes that involve dissolution of dental hard tissues by acids with
no inclusion of any bacterial action (Zipkin and McClure, 1949, Barbour and Rees,
2004, Hemingway et al., 2006, Poggio et al., 2013, Batista et al., 2016). It is
considered an important factor for tooth wear besides attrition, abrasion and
mastication (Lussi and Hellwig, 2001). A variety of extrinsic and intrinsic factors
may cause erosion. Acids intrinsic in origin include hydrochloric acid due to
regurgitation of the gastric contents in gastrointestinal refluxes or recurrent
vomiting as part of eating disorders in anorexia nervosa or bulimia (Hellstrom,
1977, Jarvinen et al., 1988), or extrinsic as excessive consumption of acidic
beverages, foods and medication as well as professional prolonged exposure to

acidic environments (Cate, 1968, Levine, 1973).
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The problem of erosion is growing in dental health in the recent years affecting
up to 80% of adults and about 50% of children (Jaeggi and Lussi, 2006,
Rakhmatullina et al., 2011). Some occupational groups show high prevalence of
dental erosion and subsequent tooth sensitivity. Those include winemakers,
sports people, and individuals with medical conditions including asthma, diabetes,
and alcoholism (Sivasithamparam et al., 2003, Amaechi and Higham, 2005,

Manton et al., 2010).

Since the mid-1990s, and with the decline in dental caries in many industrially
developed countries, research interest in dental erosion and its role in tooth wear
increased considerably (Tantbirojn et al., 2008). Early studies on human tooth
wear were based on teeth from archeologically obtained skulls. While, later
studies examined contemporary adult populations (Johansson et al., 2012). Due
to the coarse nature of diet, the earliest form of tooth wear was found mainly on
occlusal, incisal and proximal surfaces, whereas modern erosive tooth wear has
additional characteristics that include the buccal and palatal/lingual surfaces

(Johansson et al., 2012).

In the UK, many studies have covered the prevalence of tooth erosion in
children, adolescents and adults (Jaeggi and Lussi, 2014). Prevalence studies of
tooth erosion in the UK began in 1993 with the Nat i onal Survey of
Dental Health, and subsequently they have varied from reports of small
convenience samples and local population studies, to national surveys (Dugmore
and Rock, 2004) . The age of the children examined has varied from 1.5 to 18
years. Examination of incisors and molars of 1,753 12-year-old children showed

a prevalence of tooth erosion of 59.7%, with 2.7% exhibiting exposed dentine.
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Convenience samples of 129 children (aged 111 13 years) in 125 children in the
UK were examined. The prevalence data showed that 37% of the UK children had
dental erosion (Vargas-Ferreira et al., 2010). Milosevic et al. (1994) examined a
total of 1,035 children (mean age 14 years) in 10 schools in Liverpool, UK and
found that 305 of them had tooth wear lesions with involvement of dentine, mainly
incisally; 8% also exhibited exposed dentine on occlusal and/or palatal surfaces;
the occlusal surfaces of the first mandibular molars and the palatal aspects of the
maxillary incisors were mainly affected. Al-Dlaigan et al. (2001) established the
prevalence of erosion in a cluster random sample of 418 teenagers (aged 14
years, 209 girls, 209 boys) in Birmingham, UK. They found that 48% of the
children had erosion within enamel, 51% had erosion within enamel with possible
slight involvement of dentine and 1% had erosion with advanced involvement of
dentine. Reviewing the data from the national dental surveys of young people in
the UK, a trend towards a higher prevalence of erosion in children aged between
3.5 and 4.5 years was found. Overall, the prevalence data from cross-sectional
national studies indicated that erosion increased with age of children and
adolescents over time (Nunn et al., 2003, Jaeggi and Lussi, 2014). Tooth wear is
a relatively common condition in adults, and its prevalence increases with age
(Bartlett and Dugmore, 2008, Li and Bernabé, 2016).

Quiality of life is affected by the oral condition of subjects. Few studies have
formally assessedthei mpact of tooth wear ($Sanders et
al., 2009, Maida et al., 2013, Shen et al., 2013, Li and Bernabé, 2016, Toole et
al., 2018). One study reported that quality of life with severe erosive tooth wear
was equivalent to that of being edentulous (Papagianni et al., 2013). Patients

with a worn dentition often complain of tooth sensitivity associated with dentine
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exposure; dental pain due to involvement of the pulp; poor aesthetics owing to
shortened clinical crown and loss of vertical dimension; and/or functional
impairment for difficulties with chewing due to occlusal alterations and dental
tissue loss (El Wazani et al., 2012, Olley et al., 2015). Sociodemographic factors
are also closely related to both quality of life tooth wear (Bartlett et al., 2013,
Jaeggi and Lussi, 2014); they may confound the association between tooth wear

and quality of life.

Management of tooth wear requires early diagnosis and assessment of the
severity of the condition followed by treatment planning. Restorations include
direct restorations, indirect restorations, or orthodontic treatment can be
considered. All these measures even the most conservative are costly and require
constant maintenance and may have uncontrolled sequelae (Bernardon et al.,
2002). Financial constraints can often restrict these options and limit the choice

pathways that can be offered (Sethi, 2016).

1.2.2.1 Stages of erosion lesion development:

Erosive tooth wear can progress with time and cause continuous irritation
exposing deeper dental tissues and developing severe lesions that need
extensive and costly dental care. Consequences of the long- and short- term
erosion are marked with severe and debilitating tooth sensitivity (Mahoney and

Kilpatrick, 2003, West, 2006, Manton et al., 2010). This is not the only concern,
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as severe cases with considerate bulk loss may compromise the tooth resistance

to load and functional stresses and eventually increase the potential loss of teeth.

Erosion mainly involves enamel; the outermost layer of the tooth with its
typical high mineral content and prismatic structure (Mahoney et al., 2004, Wang
et al., 2014). Remineralisation of the lesion is still possible at the initial stage of
the process when decalcification has occurred only below the surface and the
lesion is still covered by an intact enamel surface (Dawes, 2003, de Alencar et al.,
2014). In this case, the subsurface lesion provides an appropriate matrix for
crystal growth when calcium and phosphate ions pass from the surrounding
through the salivary pellicle and surface enamel. However, removal of the
softened enamel by abrasive forces re duces the | esionés
because of absence of suitable matrix for crystal growth (Dawes, 2003,

Huysmans et al., 2011, Poggio et al., 2013, de Alencar et al., 2014).

Erosion does not only affect the enamel of the tooth but can extend deeper
into dentine. If that happens, it causes hypersensitivity or even in severe cases
exposing the pulp and even leading to tooth fracture (Addy et al., 1987, Harley,
1999, Wongkhantee et al., 2006). Not only erosion is responsible for tooth wear.
In most clinical cases, it acts in synergy with abrasion and attrition. Although
several tribological mechanisms exist, the most common mechanisms in tooth
wear may be explained by two-body abrasion (typically attrition) or three-body
abrasion (typically erosion and abrasion) with an acidic or abrasive medium

interaction, respectively (Mair, 1992, Johansson et al., 2012).
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Dental hard tissue is composed of a combination of tissues including enamel
and dentine with different compositions related to these structures. Enamel is a
composite material consisting of both a mineral and an organic phase. The
mineral phase is predominant (951 96 wt.%) and consists primarily of large
hexagonal hydroxyapatite (HAP) crystals composed of calcium (Ca?*), phosphate
(PO4*), hydroxide (OH'"), fluoride (F'), carbonate (COs?) and sodium (Na*) ions
[22]. It is represented by the simplified chemical formula: Caix Nax (POa4)siy
(CO3)z(OH)zi uFu (Staines et al., 1981, Cuy et al., 2002, Chun et al., 2014, Shellis
et al., 2014, Carvalho and Lussi, 2020). These crystals are arranged to form
millions of hexagonal-prism-shaped enamel rods with the diameter of 3i 5 um
(1/100th the hair thickness). Enamel contains almost no water and therefore is
considered the hardest tissue in the human body. Fluoride mineral concentration
is the highest at the outermost enamel layer (Hallsworth and Weatherell, 1969,
Carvalho and Lussi, 2015). Enamel minerals (calcium concentration) and density
decrease toward the dentino-enamel junction (DEJ) (Robinson et al., 1971,
Carvalho and Lussi, 2015). While, the carbonate and magnesium concentrations

increase (Weatherell et al., 1974, Carvalho and Lussi, 2015).

Enamel has a shiny surface and comes in variable colours ranging from light
yellow to grey. Enamel is the outermost layer of the crown of the tooth extending
from the gum upwards covering dentine with variable thicknesses and densities.
The thickest and hardest enamel is located at cusps and biting edges. Enamel of
primary teeth is different from permanent teeth being less hard and having about
half the thickness ( Gagper gi | , 19 95,. Uddrtunatelyeenamal | . |, 2 (
never regenerates once eroded or abraded as the ameloblasts have been lost
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(Cuy et al., 2002, Chun et al., 2014). Dentine is different to enamel, with lower
apatite content (451 50 wt. %) with a much smaller crystalline size, and a higher
organic matter (307 35 wt. %) mostly made out of type 1 collagen. In dentine,
hydroxyapatite occurs within the tubules fibrils (intrafibrillar mineral) and between
fibrils (extrafibrillar mineral) (Bertassoni et al., 2010, Poggio et al., 2013). These
characteristics render dentine more susceptible to acidic dissolution than enamel
(Tillberg et al., 2008, Vaderhobli, 2011, Chun et al., 2014). Dentine formation
initiated by odontoblasts, which are located as a single cell layer around the pulp
chamber. Odontoblasts are connected to the calcium ions of dentine by channels
within the dentinal tubules (Marshall Jr et al., 1997, Ten, 1998, Chun et al., 2014).
Those are responsible of delivering pain, pressure, and temperature change to
the nerves in the dentinal tubules (Murray et al., 2003, Arana-Chavez and Massa,

2004, Chun et al., 2014).

1.2.2.2 Erosion and soft drinks:

The erosive role of food and drink on teeth has been documented over the
years. The earliest citing of erosion were reported by (Darby, 1892) and (Miller,
1907). It has been traditionally believed that acidity (measured pH) is an accurate
indicator of the erosive potential of a food or drink, where the lower the food pH,
the greater the erosive potential (Meurman and Ten Gate, 1996, Cairns et al.,
2002, Kim and Jin, 2019). However, other chemical factors are equally important

as pH in determining the erosive potential of food and drink. These include
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titratable acidity (TA), buffering capacity, viscosity, and mineral content (calcium,
phosphate, and fluoride) (Lussi et al., 1993, Wongkhantee et al., 2006, Batista et
al., 2016, Carvalho and Lussi, 2020). Titratable acidity- sometimes also termed
neutralisable acidity, is defined as the total volume of alkali (typically 0.1 molar
sodium hydroxide) required to raise the pH of a standardised volume of a solution
(typically 25 ml) to neutral pH (pH 7) (Grenby et al., 1989, Min et al., 2011,
Chadwick, 2019, Kim and Jin, 2019, Carvalho and Lussi, 2020). In other words,
titratable acidity is related to the persistency of an acidic environment in the oral
cavity (Grobler and Van der Horst, 1982, Grenby et al., 1989, Min et al., 2011).
Baseline pH values are only indicators of the initial hydrogen ion concentration
but not of the presence of undissociated acid. Thus, it is now widely accepted that
the titratable acidity could be a more accurate measure of the total acid content
of a drink, and may be a more realistic means of predicting erosive potential
(Grobler and Van der Horst, 1982, Cairns et al., 2002, Kim and Jin, 2019).
Products with a combination of mineral undersaturation (especially Ca?*
concentration), low pH, and high titratable acidity have a great erosive potential

(Lussi et al., 2012b, Lussi and Carvalho, 2015, Carvalho and Lussi, 2020)

Carbonated soft drinks contain additional carbonic acid which makes them
potentially more erosive than non-carbonated beverages (West et al., 2003). Cola
is one of the most popular acidic drinks with pH of 2.74, the lowest among tested
food and drinks, and TA of 9.52 mmol/l £ 0.81 standard deviation (SD) (Chadwick,
2019). Its erosive effect on teeth is well documented, causing the highest change
in the tooth surface hardness (West et al., 2000, Wongkhantee et al., 2006, Wang
et al., 2014).
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The basic composition of a carbonated drink consists of water, sugar, flavour
enhancers and carbon dioxide. Flavour enhancers can include caffeine and
aspartame. Organic acids (commonly citric acid) are the major constituent of soft
beverages. Preservatives such as phosphoric acid, are added particularly in colas
preventing deterioration through microbiological spoilage. Furthermore, acids are
also used to offset the sweetness of sugar and complement the flavour by

improving the sharpness of the drink (West et al., 2000, Laurance-Young, 2012).

Acids are capable of reducing the local pH on the teeth surface, thereby
causing mineral dissolution. For citric acid, this process is explained by calcium
ions being chelated by citrate anions, decreasing the amount of free calcium ions
available for remineralisation in both saliva and at the enamel surface, thereby

favouring demineralisation (Featherstone and Lussi, 2006, Manton et al., 2010)

The critical pH is the pH value at which a solution is saturated with respect to
a particular mineral, and the concept of critical pH applies only to solutions that
are in contact with a particular mineral such as tooth enamel and dentine (Dawes,
2003). The pH of 5.5 was suggested to be the critical pH at which hydroxyapatite
dissolves, and teeth are vulnerable to decalcification in acid media as they are
composed of calcium-deficient carbonated hydroxyapatite (Featherstone and
Lussi, 2006, Wongkhantee et al., 2006, Borjian et al., 2010, Li et al., 2014). Others
considered pH 4.5 critical for erosive demineralisation (Meurman et al., 1987,
Millward et al., 1997, Ganss et al., 2007). Repeated exposure to acidic drinks
leads to sustained low intraoral pH below the critical pH (5.5) and allows the
development of decalcification lesions (Featherstone and Lussi, 2006). However,

recent studies advocate the importance of not judging the erosive potential of
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products only by their pH, for t(@aealhe
and Lussi, 2020). Furthermore, the erosive potential of a solution is dependent on

calcium and phosphate concentrations (Dawes, 2003, Carvalho and Lussi, 2020).

Other factors have been reported to be related to the erosive potential and
extent of acidic drinks, such as, temperature and method of consumption
(frequency, duration) (Amaechi et al., 1999a, West et al., 2000, Johansson et al.,
2004, Wongkhantee et al., 2006, Manton et al., 2010). It has been also observed
that there is a relation between the temperature of the drink and pH. The pH of all
beverages significantly increased when the temperature was reduced from 37°C

to 4°C (Barbour et al., 2006, Manton et al., 2010).

1.2.2.3 Changes to acidic food consumption:

Through the decades, lifestyles and food habits have changed. Both the
amount and the frequency of consumption of acidic foods and drinks were
affected by this change. In the USA, soft drink consumption increased by 300%
over 20 years and the serving size increased by almost triple the amount between
the 1950s and the 1990s and more was expected onwards in the future (Cavadini
et al., 2000, Lussi, 2006). This change considerably increased the potential of
erosion for all age groups including children and adolescents (Lussi, 2006,
Manton et al.,, 2010). A higher prevalence was reported among children aged

between 3 %2 and 4 %2 years consuming soft drinks on most days compared with
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toddlers consuming less (Nunn et al., 2003). In another UK study on subjects
examined at the age 12 years old and 2 years after, recorded presence of enamel
and dentinal lesions (5%, 2% respectively) that noticeably progressed over 2
years period (13%, 9%). Also, 12% of the children who demonstrated no evidence
of erosion developed the condition over the subsequent 2 years (Dugmore and

Rock, 2003).

Acidic drink consumption behaviour plays a major role in dental health. The
extent of erosion has been shown to be significantly affected by the manner of
exposure to acidic food and drinks, including frequency of consumption, duration
of exposure, and temperature of the drink (Amaechi et al., 1999a, Wongkhantee
et al., 2006). Excessive consumption of carbonated drinks was related to clinically
encountered dental erosion (Cheng et al., 2009a, Wang et al., 2014),
characterized with obviously decreased enamel hardness (Tantbirojn et al., 2008,
Wang et al., 2014). The habit of consumption of carbonated drinks is already
popular among youngsters and is unfortunately carried over into adulthood
(Wongkhantee et al., 2006). Public awareness campaigns have been waged
regarding the risk of dental disease related to sugar products consumption.
However, awareness on dental erosion, another common cause of tooth surface

destruction, is not enough.
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1.2.2.4 Diagnosis and Grading of Dental Erosion:

Different clinical scales and indices have been developed to facilitate
examination, diagnosis, grading, and monitoring of dental erosion. However,
studies are difficult to interpret and compare due to lack of standardization in
terminology and the large number of indices developed. Some erosion indices
even record lesions on an aetiological basis, yet none has universal acceptance

(Bardsley, 2008).

Due to lack of fixed intra-oral reference points and accessibility, it is difficult to
accurately monitor the change on natural tooth surfaces and the progression of
erosive tooth wear inside the oral cavity. Moreover, most of the devices used for
detection of surface and subsurface changes are designed to perform on specially
prepared specimens. Therefore, in vitro and in situ studies are mostly applied to

investigate alterations of dental hard tissues (Attin, 2006).

The literature is rich with methods than can be broadly divided into quantitative
and qualitative in nature. Quantitative methods rely on objective measurements
and are more sensitive and reliable to perform under controlled settings as on a
model or in the laboratory. While, Qualitative methods, such as mild, moderate or
severe, usually rely on subjective descriptions of the affected tooth surface and
are more appropriate for a clinical intra-oral examination, where data collection is
often carried out in a setting lacking sophisticated equipment. However, both
methodologies utilise grading or scoring systems to identify progression of a

condition (Bardsley, 2008).
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Early indices relied mainly on qualitative descriptive terms. The earliest index
documented by (Broca, 1879) was the foundation for the development of further
indices. It graded occlusal wear at horizontal or oblique patterns without including

the aetiology.

Another early developed index is Restarski et al. (1945). Their index was a
six-point grading system to evaluate the severity of the lingual surface erosive
destruction observed in rat and puppy molars. However, concerns were raised
regarding reproducibility. Higher accuracy was introduced by (Xhonga and
Valdmanis, 1983), who quantitatively divided erosions into four levels utilizing
periodontal probe measurements. They further classified erosion by

morphological descriptions (wedge, saucer, groove, atypical).

In 1982, the FDI DDE index for enamel defects was developed. This was an
example of an ideal basic structure index that allowed for the rise of more
expanded categories to serve epidemiological research purposes (Bartlett et al.,

2008).

Upon the first and the most frequently reported indices is the Smith and Knight
(1984). They developed the Tooth Wear Index (TWI) which classifies tooth wear
at 4 sites per tooth (Buccal, cervical, lingual, and occluso-incisal) on a 5- point
scale of all present teeth scored for wear, irrespective of the wear aetiology
(Bardsley, 2008, Fares et al., 2009). The index notifies changes to enamel as a
single grade, whereas records depth changes into dentine with 3 grades. The
reason behind this was that the aim of the index, as most early indices, was to
assess the need for operative intervention which is more applicable to dentine at
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severe levels of involvement (Fares et al., 2009). However, this overlooks the
changes in enamel restricting its use in interventional studies for erosion

prevention where the short term changes mainly occur in enamel.

Lussi et al. (1991) developed an index modified from Linkosalo and
Markkanen (1985), who utilised a qualitative index to categorize lesions as
erosive with four grades of severity extending into dentine. Their index has been

widely used by European researchers to score all teeth except the third molars.

In 2008, the Basic Erosive Wear Examination (BEWE) scoring system was
introduced by Bartlett et al. (2008). This index was designed to provide a simple
scoring system using the diagnostic criteria of all existing indices, to ultimately
transfer their results into one score sum. The BEWE measures not only the
severity of the condition but can also be transferred into risk levels that act as a

guide towards management.

The BEWE records the most severely affected surface in a sextant. The four
level score grades the lesion according to severity of wear from (0) no surface
loss, (1) initial loss of enamel surface texture, (2) distinct defect including dentine
(< 50% of the surface area), or (3) defect including dentine (>50% of the surface
area). The highest score is recorded on the examined surface (Buccal/facial,

occlusal, and lingual/palatal).

In 2009, (Faresetal) devel oped fAThe Exact Toot

modification to (Smith and Knight, 1984). In their index, tooth wear was graded
separately for enamel and dentine using 5- and 6-point scales, respectively. All

affected surfaces were reported, irrespective of the aetiology of wear. Following
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the basic protocol described by Smith and Knight (1984), dentine exposure was

scored using the colour of the exposed lesion to represent depth.

In our research, erosion lesions with different extension levels were created

to try to resemble different clinically existing lesions. Erosion created lesions

should resemble clinical initial lesion, and lesions extending into 1/3'9, 2/3', and

all the enamel surface. Therefore, a quantitative index with coinciding extension

levels for both enamel and dentine was required. The exact tooth wear index by

(Fares et al., 2009) fit the criteria and therefore was applied (Table 1).

Table 1: Exact Tooth Wear Index:

Exact Tooth Wear Index for Enamel

Exact Tooth Wear Index for Dentine

1 Loss of enamel affecting < 10% of
2 Enamel loss affecting between 10% g
f 2 &kt <286

o 9yl YS&t

4 Enamel loss affecting two thirds or more

0 No tooth wear: no enamel loss features | 0

or change in contour 1

scored surface 2

1/3" of the scored suace 0

the scored surface n

the scored surface 5

No dentinal tooth wear: no dentine loss

Loss of dentine affecting < 10% of 1
scored surface

Dentine lossaffecting between 10% an
1/3" of the scored surface

5SyiAyS f 2Bubi<2f3%oF

the scored surface

5SYdAyS f #a&fthe dcoiet
surface, without pulpal exposure

Secondary dente exposure or pulpg
exposure
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1.2.2.4.1 The Role of Saliva in Remineralisation (Natural and Atrtificial)

In the oral environment exists a constant dynamic process of tooth structure
demineralisation and remineralisation (de Alencar et al., 2014). Saliva minimizes
the acid effects by its buffering qualities and acid dilution (Hannig and Hannig,
2014, Hara and Zero, 2014). It is recognised as a biological factor that plays an
important role in remineralisation. Its protective qualities include salivary
clearance, buffering capacity, and level of saturation with minerals (Edgar et al.,
1994, Walsh, 2009). Saliva assumes repairing initial enamel lesions as it contains
calcium, phosphate and fluoride that can modify the erosive process (Imfeld,
1996b, de Alencar et al., 2014). Deposition of minerals onto the porous erosive
layer seems to be involved in the process of remineralisation rather than crystal
regrowth (Tantbirojn et al., 2008, de Alencar et al., 2014). In addition, stimulation
of salivary flow rate can enhance the remineralising effect of saliva by increasing
the bicarbonate buffer and salivary mineral content, which in turn facilitates
mineral redisposition onto the enamel surface (Dawes, 1969, de Alencar et al.,
2014). Ideally, salivary effects should be replicated by using saliva substitutes in
in vitro experiments. Artificial saliva is an oversaturated solution with respect to
enamel and has long been used and proved to exert a remineralisation effect on
softened enamel in vitro by saturation of enamel surface (Amaechi and Higham,
2001a, Eisenburger et al., 2001a, Devlin et al., 2006, Torres et al., 2010, Aykut-

Yetkiner et al., 2014, Lussi et al., 2014).

The early stage of erosion is characterized by enamel softening and reversible
acidic demineralisation. However, if the acidic environment persists, further
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enamel dissolution occurs, resulting in gradual irreversible thickness loss

(Barbour et al., 2006, Poggio et al., 2013).

For remineralisation, other important components of saliva are its proteins (as
glycoproteins and phosphoproteins). When glycoproteins are adsorbed onto the
tooth surface, they form a protective pellicle layer, whereas, phosphoproteins are
responsible for regulating the calcium saturation of the saliva. In conditions of acid
attack, salivary pellicle is known to form a protective barrier against acid
penetration, by that reduces enamel mineral loss. Moreover, the early
glycoproteins pellicle promotes remineralisation by attracting calcium ions (Hannig
et al., 2004, Wiegand et al., 2008). Previous in vitro studies have shown that the
efficacy of pellicle layer protection is affected by the degree of its maturation
(Zahradnik et al., 1978, Hannig, 2002). However, some in vitro studies investigated
the inhibitory effect of in vitro formed pellicle on enamel demineralisation, and
observed partial inhibition of demineralisation with short-term pellicle layer
formation of 3 min (Hannig et al., 2004). Moreover, no distinct structural differences
were observed on eroded enamel surfaces, independent of pellicle formation time
(3, 60 or 120 min-old pellicles). Amerongen et al. (1987) observed significant
inhibition of demineralisation within a 9 min pellicle formation time. While,
maximum enamel surface protection was achieved as early as 60 min of pellicle

formation time.
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1.2.2.5 Methods for Assessment and Measurement of Dental Erosion:

No one method of erosion assessment is suitable for different stages of the
lesion. Many factors determine the potential applicability and limitations of existing
methods in characterizing erosion, including: the specimen surface condition
(natural or flat), the nature of the lesion included in the study (erosion or erosion
plus abrasion), the experimental model type (in vitro, in situ, or in vivo), need for
longitudinal measurements (use of destructive or non-destructive methods), and

the type of required outcome (qualitative or quantitative data).

Different methodological approaches have been used to assess dental
erosion according to the pattern of interest; namely loss or softening of dental
hard tissues. A couple of the most established techniques have been
implemented in this research including Scanning Electron Microscope (SEM),
Surface Microhardness Measurement (SMH), surface profilometry, Confocal
Laser Scanning Microscopy (CLSM), Micro Computerized Tomography (uCT),
Optical Coherence Tomography (OCT), and Fourier Transform Raman
Spectroscopy (FT- Raman) and many more. Techniques applied in our research

only were discussed in this chapter.

Enamel and dentine behave differently to acid erosion (Lussi et al., 2011).
Because of high mineral content in enamel, erosion is manifested initially as
partial surface demineralisation followed by softening and increased roughness.
While, dentine composed of less mineral and more organic material, and mineral

loss initially starts between the peri- and intertubular dentine, followed by loss of
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peritubular dentine and widening of the dentinal tubules and finally intertubular
dentine demineralisation and exposure of the organic matrix (Meurman et al.,
1991, Kinney et al., 1996, Schlueter et al., 2011). Due to these histological
differences, methods suitable for assessment of enamel are not necessarily

suitable for dentine.

As a general approach, profilometry was found to be the most commonly
applied quantitative method to for both enamel and dentine assessment in in vitro,
in situ and in vivo models, followed by surface hardness methods to evaluate
enamel and microradiography for dentine. While, the most commonly applied
qualitative method to study erosion in both tissues was scanning electron

microscopy (SEM).

1.2.2.5.1 Scanning Electron Microscopy ( SEM):

Scanning Electron Microscopy qualitatively estimates surface alterations after
erosive attacks. SEM imaging can be performed on both polished and unpolished
after gold or carbon coating. SEM investigations have been applied to evaluate
eroded enamel and dentine surfaces after acid attacks (Oshiro et al., 2007,
Poggio et al., 2013). It was also applied to evaluate the salivary acquired pellicle
and its efficacy to protect underlying enamel surface from acidic dissolution
(Meurman and Frank, 1991b, Hannig, 2002, Hannig et al.,, 2004), or to
demonstrate surface deposits precipitates resulting from mineral deposition with

different remineralising agents (Poggio et al., 2013). However, SEM technique
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does not provide as detailed information about surface alterations of eroded
samples as energy dispersive X-ray spectroscopy that could be coupled with SEM
to analyse elemental distribution in the top few micrometres of a sample surface.
This is achieved by an electron beam that hits the surface and leads to excitement
of surface atoms resulting in X-rays emission. This process may provide
information about element distribution, such as calcium, phosphate and carbon

with a concentration of about 1 wt. %.

1.2.2.5.2 Surface Profilometry

A surface profilometer (surfometer) can determine both the irreversible loss of
dental hard tissue and surface roughness. It quantifies dental tissue loss in
relation to reference area (non-treated) (Attin, 2006, Field et al., 2010, Schlueter
et al., 2011). Profilometry is able to generate two- or three-dimensional profiles of
the scanned specimen surface. Either a laser beam or a contact stylus (metal or
diamond) can be used to scan specimens. A complete map of the specimen
surface can be generated with the scan (Attin, 2006). However, laser scanning is
preferred over the stylus scanning for erosion samples as the outermost layer of
the lesion is very fragile and easy to damage by the stylus movement (Ren et al.,
2009) which may lead to overestimation of early erosion lesion depth.
Furthermore, the laser beam generates higher resolution scans compared to the
contact stylus. Profilometers are able to produce precise measurements with low

variations with either irregular or polished surfaces (Attin, 2006). However, flat
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specimens are preferred for maximum sensitivity and accuracy (Hara and Zero,
2008). To calculate differences in height (thickness loss) between treated and
untreated surfaces, two scans are obtained with a common reference point.
Differences between these two scans are determined using a specific software
(Venables et al., 2005, Attin, 2006). In this case, correct repositioning of the
sample in the profilometer for the two readings is extremely important.
Profilometry method is applicable for both direct testing of samples or indirect

measurements of intra-oral erosion lesion via replicas.

1.2.2.5.3 Confocal Laser Scanning Microscopy

CLSM is non-destructive microscopic tomography technique mainly
developed for cell biology that allows exploration of cells and their internal
structures. This technique is capable of generating high-resolution images,
allowing 3D reconstructions of optical scan layers in specimens. In translucent
objects such as teeth, it potentially provides insight into internal structure of the
enamel lesions and allows visualization of subsurface microstructure that are not
otherwise obtainable with other imaging tools. The principle behind it is based on
using confocal apertures to eliminate stray light from out-of-focus planes. Images
are obtained by scanning the region of interest with a spot-size light source (laser)
then collecting the light reflected from the in-focus plane. Tomographic features
allow in depth imaging of a series of consecutive images in either x-y or z optical

planes. The CLSM technique was first applied in dentistry by Watson (Watson,
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1990a, Watson, 1990b, Watson, 1991, Watson, 1994, Watson, 1997, Watson et
al.,, 2008, Watson et al., 2014) to visualize unsectioned tooth restoration
interfaces. It is used in reflection mode to produce images of enamel down to
about 100pum from subsurface regions (Duschner, 1995, @gaard et al., 1996).
However, new generation microscopes allow deeper penetration of around 15071

200um below the surface (White et al., 2002, Attin, 2006).

This imaging technique excludes artefacts induced by sample preparation
(drying, cutting, and coating) necessary for other techniques as SEM and can
assess different types of tooth samples including unpolished and wet. However,
polished tooth samples are mostly used for CLSM. The lateral and axial resolution
of the confocal microscope is the function of the laser light wavelength and the

numerical aperture of the objective lens.

CLSM operates in the following manner: illumination, achieved by a gas type
monochromatic laser (e.g. Ar/Kr or He/Ar) which is focused within a fluorescent
specimen into a small focal volume by an objective lens. Specific wavelengths of
the laser beam can be filtered (usually 488 nm) to allow laser focusing on the focal
plane. The emitted fluorescent light in combination with some reflected laser light
is then recollected by a detector and objective lenses. Computer software is used
to combine images from a sequence of focal planes to generate 2D or 3D images.
The focal plane of illumination is equal to the focal plane of detection, which

makes them confocal.

For dental erosion studies, CLSM allows histotomographic qualitative
assessment of mineral dissolution and hard tissue loss, as light reflection and
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scattering in tooth samples are greatly influenced by micro-histological changes
within the sample (Zentner and Duschner, 1996, Duschner et al., 2000, Lussi and
Hellwig, 2001, Attin, 2006). However, information about the degree of
demineralisation is limited by this technique. Thus, to obtain a clearer view, CLSM
is often combined with other methods as analysis of mineral loss, surface

microhardness, or others.

Although CLSM is mostly applied to obtain qualitative information, quantitative
values of erosion softening depth and tissue loss can also be obtained. However,
itsbapplication in dentine erosion studies warrants further investigation (Heurich

et al., 2010, Schlueter et al., 2011).

1.2.2.5.4 Optical Coherence Tomography (OCT)

Optical coherence tomography (OCT) is a valuable non-invasive optical
technique that is considered one of the most promising methods of assessing the
surface characteristics of enamel in vitro and in vivo (Wilder-Smith et al., 2009,
Machoy et al., 2017). It is a unique development in relation to X-ray dependant
diagnostics exposing patients to unnecessary radiation. OCT is suitable for
intraoral scans of both hard tissue (enamel, dentine) (Hsieh et al., 2013, Chew et
al., 2014, Lee et al., 2016) and soft tissues (gingival margin, periodontal pockets
and attachments) (Otis et al., 2000, Chun-Te Ko et al., 2005, Fernandes et al.,

2016, Machoy et al., 2017).
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The OCT method uses near-infrared light to generate subsurface cross-
sectional images of enamel samples by measuring backscattered light magnitude
and echo time delay (Huang et al., 1991, Wilder-Smith et al., 2009, Schlueter et
al., 2011, Lee et al., 2016, Machoy et al., 2017). Moreover, information about
enamel thickness is provided by the generated images. Imaging of depths up to
3 mm can be obtained, which is ideally suitable for assessing the whole enamel
thickness including DEJ. The resulting images (B-scans) are two-dimensional
(2D) in the (X-Z) axes. OCT generates multiple sequential B-scans in the Y-axis
creating a stack of images that can be reconstructed into a three-dimensional (3D)
image of the sample (Al Azri et al., 2016, Machoy et al., 2017). OCT technique is
comparable to ultrasonography (USG). As OCT depends on the faster light than
sound transmission characteristic for USG, it generates much higher image
resolution. However, it allows limited tissue penetration compared to USG (2 mm

vs 10 mm) respectively (Machoy et al., 2017).

In dentistry, OCT has been applied since 1998 (Colston et al., 1998) in caries
research (Fried et al., 2002, Chun-Te Ko et al., 2005, Manesh et al., 2009, Kang
et al., 2010, Machoy et al., 2017), optical properties of enamel prism and dentinal
tubules (Hariri et al., 2012, Machoy et al., 2017), enamel erosion (Park et al.,
2013, Machoy et al., 2017), demineralisation and remineralisation of enamel and
dentine (Kang et al., 2012, Chew et al., 2014, Machoy et al., 2017), detection of
enamel defects and cracks (Nakajima et al., 2012, Lee et al., 2016, Machoy et al.,
2017), assessment of restorations adaptation and leakage, evaluation of
prosthetic work including structural defects and microleakage without the need to
remove the restoration (Sinescu et al., 2008, Sumi et al., 2011, Machoy et al.,
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2017), evaluation of the salivary pellicle (Baek et al., 2009, Machoy et al., 2017),
and application in maxillofacial surgery to separate normal and dysplastic lesion

structures (Adegun et al., 2012, Adegun et al., 2013, Machoy et al., 2017).

In erosion, demineralised enamel is more porous compared to sound enamel,
resulting in change to its optical properties, and hence reflected light intensity
change showing as qualitative results which can also be quantified (Popescu et
al., 2008, Huysmans et al., 2011). Quantitative measurements of the
backscattered light intensity at the scanned surface, provides information about
surface porosity and the depth of penetration of the scanned area, penetration is
reduced when scattering occurs. Recent years have withessed rapid development
in OCT in terms of image resolution enhancement, image contrast enhancement,
image acquisition time reduction, and tissue penetration (Huysmans et al., 2011).
These developments have made OCT one of the most powerful diagnostic tools

in experimental and clinical fields.

1.2.2.5.5 X-ray Microcomputed Tomography (Micro -CT):

The early 1970s witnessed the development of x-ray computed tomography
(CT) imaging. Since then, the diagnostic tool has advanced and has been applied
extensively in medicine and later on in dentistry. X-ray computed tomography
(CT) is a non-destructive X-ray method producing images of thin slices with
constant thickness. Images are captured from multiple angles and then
reconstructed into a 3D maps with spatial distributions corresponding to different
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attenuating material densities within the scanned object (Hounsfield, 1973, Swain
and Xue, 2009). In contrast, conventional radiography is limited to producing 2D
images of the attenuated material in the X-ray path. X-ray micro-computed
tomography (Micro-CT o r ¢ Qnfrgducedarnsthe 1980s with a much higher
resolution. They usually produce images composed of voxels (volume elements)

inthe range of 5-5 0  ¢Komhn et al., 1990).

Micro-CT is designed for mineralized tissue examination (bone, teeth, and
ceramics). However, its application can extend to soft tissues. And since the
procedure is non-destructive, repeated sample examination is possible. The use
of micro-CT in conjunction with finite element Analysis (FEA) has become of great
interest in recent years. Where micro-CT scans multi-layered and small objects
(bone, teeth, dental implants and restorations) to generate a more precise model
replica to be used for FEA meshing. Micro-CT of a tooth generates a segmented
model into enamel, dentine, and pulp based on different grey levels related to
different mineralization level of structure components. After that, unique material
properties are assigned to each component segment together with boundary
conditions to simulate stress/strain in the tested structure (Magne, 2007, Swain

and Xue, 2009).

Micro-CT could be also applied for assessment of structural loss after
degradation, precisely locating material loss (Hollister et al., 2005). This gives the
advantage of characterizing mineral densities in sound enamel and dentine and
tooth tissue loss related to demineralisation with dental caries and erosion (Swain

and Xue, 2009, Hamba et al., 2011).
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1.2.3 Stress and Strain in Teeth:

Biomechanical studies in medical material sciences are critical to understand
how living tissues interact with external forces in their environment. These studies
require implementation of particular research techniques. Strain is defined as the
geometric deformation within the material under loading. The relationship
between stress (intervals of loading) and strain (the amount of deformation) is
unique for each material and reveal many properties of the material. Strain is
expressed as the ratio between the length change and original length, and is

calculated according to the following equation:
: y
U= —=—
Where Ly original length; L: current length; gi_: length change.

According to above equations, compressive strain and tensile strain are negative

and positive values, respectively (de Medeiros et al., 2019, Chun et al., 2014).

Different methodologies have been recruited to assess stresses and record
strain in teeth but no single technique could meet all the requirements to display
the involved physiological interactions. Development of computer systems has
enabled complex analytical systems as finite element analysis (FEA). However,
traditional techniques including strain gauge measurements and photoelastic

analysis are still applied.(Karl et al., 2009).

In vitro investigations include either destructive or non-destructive tests.
Destructive tests include load-to-failure tests. While, some common non-

destructive methodologies include strain gauge method, photoelastic stress
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analysis. High accuracy, whole-field strain measurements can be also achieved
by optical techniques such as digital holography, Electronic Speckle Pattern
Interferometry (ESPI), and Digital Image Correlation (DIC). Optical techniques
allow contact-free measurements with special advantage in cases of specimen
fabrication challenges, as the necessity of maintaining hydration or geometric
l i mitations of available ti gouatamxlpes.i m
provide an insight into surface strain and reveal some biomechanical issues, a
complex modelling tool is required to assess the stress distribution within the
complexity of a tooth structure under load. The most commonly used is finite
element analysis (FEA) method. The use of a combination of one or two methods
is important to validate results and provides the potential for major advances in

this area.

1.2.4 Strain Measuring Techniques:

1.2.4.1 Strain Gauges:

The gold standard of material strain and stress analysis is the electric
resistance wire strain gauges. Gauges have been used for many decades in
dental research (Meredith and Setchell, 1997, Jantarat et al., 2001, Soares et al.,
2008a, Karl et al., 2009, Yang et al., 2011, Valdivia et al., 2012, Verissimo et al.,
2014, Machado et al., 2017, Vianna et al., 2018, Robinson et al., 2019, Roperto

et al., 2019). The gauge consists of a coil of conducting material integrated on a
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plastic backing film. The gauge is attached to the surface of the object by means
of an adhesive. The gauge measures the electrical resistance of the coil
conductor. This merely depends on its cross-sectional area which is altered under
tensile or compressive stresses, resulting in a different electric resistance. This
current is transferred and measured using a Wheatstone bridge configuration
within the strain measurement amplifier. Data gained from strain gauges are
guantitative and can be used as a basis for other methodologies calculation and
validation. Strain gauges have the disadvantage of having a small size which is
considered a common source of error limiting strain reading to a precise area
which may not cover the region of interest. Additionally, strain gauge performs
measurements of external surface deformation, without reflecting internal surface
deformations. Moreover, strain gauge signals are affected by temperature
changes, therefore, the temperature sequence should be controlled and

monitored (Karl et al., 2009, Machado et al., 2017).

1.2.4.2 Electronic Speckle Pattern Interferometry (ESPI):

(Electronic Speckle Pattern Interferometry) is a branch of coherent optics. It
is a well-established precise optical technique that relies on the properties of laser
beams. ESPI is often used to study displacement (dislocation) distribution
associated with the superficial deformation of an object in a mechanical system
due to stresses, loads or vibrations with no direct contact (Vannoni and Molesini,

2005, Monteiro et al., 2010). Displacement measurement is based on the
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alteration of the optical path that light follows. Alteration in optical path is due to
the mechanical roughness in the surface (Campos et al., 2014). Classical
interferometry includes a number of developments used in a wide range of
industrial applications, as holography, moiré and speckle techniques (Creath et

al., 1993).

Speckle interferometry takes advantage of the behaviour of rough surfaces as
it relies on the changes in the specimen surface to produce the distinctive speckle
patterns (Creath et al., 1993, Huntley, 1998, Saleem et al., 2003). When a laser

beam illuminates a non-polished surface, the reflected light on a screen appears

like arandompat t er n of bright and dark spots

coherence of the laser source. (Vannoni and Molesini, 2005).

Interferometry is a subject that is known with phase differences (Moore and
Tyrer, 1995, Huntley, 1998, Saleem et al., 2003). These phase differences are
typically generated from variation in intensity of coherent light sources such as
lasers detected by devices such as charge-coupled device (CCD) cameras.
Deformation of the material is translated as changes in the observed speckle
pattern due to the superposition of two beams of light and is used to measure the

displacements and strains at its surface.

Phase shifting uniquely determines the phase measurement. Phase shifting
is introduced between the interfering beams, enabling phase extraction by
measuring fringes. Phase shifting could be introduced as a function of time
(temporal phase shifting) or of position in the image (spatial phase shifting).
Temporal phase shifting is achieved by a mirror controlled by a piezoelectric
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translator (PZT). Loading the sample results in alteration of the path and phase
differences. Therefore, this technique allows measurement of the surface
deformation related phase changes in relation to the reference state. On the other
hand, for spatial phase shifting, a single distribution is sampled at discrete points

in the image (Creath et al., 1993, Campos et al., 2014).

There are several advantages of this technique that favours its use for
measuring displacement and strain distributions in teeth. The method is non-
contact and does not require modification of the specimen surface by preparation
or grating. Also, far higher strains can be detected than was previously accessible
(Saleem et al., 2003). Some concerns in the application of interferometric
techniques include the complex surface preparation required to achieve proper
reflection. Hydrated sample surface interferes with laser reflection and hence
phase map formation (Niu et al., 2000, Zhang and Arola, 2004). This poses a
challenge when working with biological tissues that require evaluation to be
conducted without dehydration. Although the concept is quite simple, additional
concerns as sensitivity to vibration and the need for photographic film processing
make it difficult to develop applications outside the laboratories. (Rastogi, 1993,

Vannoni and Molesini, 2005, Erf, 2012).

1.2.4.2.1 ESPI Configurations - Out of Plane Displacement Measurement

Out-of-plane displacement is displacement along the viewing direction. To
obtain out-of-p | ane measur ement , a Areference be
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derived from the laser beam, is added to the image of the object formed on the
video camera through a beam splitter. Ano
towardstheobj ect to form a fAspeckl eo viewed b
the light at any point in the image is the sum of the light from both the object
ARobj ect beamo and the fAreference beamo. T
beam changes as the object moves in the direction of viewing and therefore the
amplitude of the combined beams changes. Subtracting the second speckle
pattern fAdeformedo from the f thatsepresénundef o

contours of displacement (Figure 1.1).
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Figure 1.1: ESPI set-up for out-of-plane displacement measurement. (A) Diagram,
(B) autdfymr dos set

1.2.4.2.2 ESPI Configurations - In-plan e Displacement Measurement:

In-plane movement of an object is movement in the vertical direction. To study

in-plane movements of a physical system, the object surface is illuminated by two
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laser beams expanded from the diode with a beam splitter. The laser beams are
mutually coherent with equivalent states of polarization. Plane mirrors are used to
reflect the two beams on the object surface at two opposite but equal angles v to

the normal forming a speckled image (Figure 1.2).

*He-Ne LASER. | !

Figure 1.2: ESPI set-up for in-plane dlsplacement measurement (A) Dlagram
(Courtesyof Vannoni and Mol esini-u2005), (B

1.2.4.2.3 ESPI Data Processing:

For both in-plane and out-of-plane arrangements, the image of the
undeformed test surface is captured and stored in electronic memory. A fringe
pattern can then be obtained bysubtra ct i ng fiundef orsubsedquenti mage

live images of the deforming surface, mapping contours of phase difference
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between wavefronts (Figure 1.3) (Moore and Tyrer, 1996, Vannoni and Molesini,

2005).

Figure 1.3: Subtraction of the image of the illuminated test surface of the
deformed sample (with loading) (B), from the undeformed (before loading) (A) to

produce the Interferogram fringe phase map (C).

Once the speckle interferograms are obtained, qualitative and quantitative
interpretation can be made. The data consists of the location of the fringes and
their sequential ordering number. Numbering can proceed from left to right and
fringe location can be associated with fringe centres. Recently, computer
softwares were developed to process photos consisting the central figure of the
structure under investigation. The result is a file with (x, y, z) format on each line,
where X, y represent the spatial coordinates of the sampled points, while, z
represents the displacement, given by the fringe number multiplied by the scaling
factor (for example, &2) (Vannoni and Molesini, 2004, Vannoni and Molesini,
2005). Finally, we can write software to read this file and fit the data to an
appropriate function. It includes a colour scale that serves to analyse the results,
with each colour corresponding to a certain percentage of strain obtained during

loading (Tanasic et al., 2012).
76



1.2.4.3 Digital Image Correlation (DIC):

Digital Image Correlation or currently called white light speckle photography
is an innovative non-contact optical technique for measuring strain and
displacement, with common application in experimental mechanics. However, its
application in dentistry is rather limited. In dentistry, DIC is usually focused on

strain with restorative material shrinkage and in vitro implant, prostheses, and

supporting bone loading ( Kovacic et al ., 201%heDI®i t rovi

method originated at the University of South Carolina in the early 1980s and has
been widely used in displacement, strain and flow measurements in recent years
(MORITA et al., 2007, Li et al., 2009, Tiossi et al., 2012, Li et al., 2013, Tanasic,
2017). The optical process in DIC to obtain correlation between signals is
replaced by digital procedures. Traditional optical techniques require numerical
functions to obtain phases resulting in the process of phase unwrapping. What
characterizes DIC is that the process of fringe unwrapping is bypassed as
displacements are directly obtained by point movement paths (Sciammarella and
Sciammarella, 2012). DIC is relatively simple to use, accurate, cost effective, and
less technique sensitive compared to other techniques such as speckle
interferometry with the potential to be applied outside of the lab (McCormick and
Lord, 2010). DIC has been commonly used to document plastic deformation of
materials as it is capable of quantifying large strains (>50%) (Wattrisse et al.,
2001, Zhang and Arola, 2004). Yet, application of DIC for evaluation of biological

materials is rather limited.
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DIC developed as a technique to measure displacement using artificially
generated random patterns simulating actual speckles (Peters and Ranson, 1982,
Sutton et al., 1988, Sciammarella and Sciammarella, 2012). One way to obtain a
random surface speckle pattern that generates a good signal to noise ratio is to
have either black spots sprayed on a light/white background, or white spots on a
dark/black background. Compared to speckle photography carried out with actual
speckles, artificial speckles do not suffer from problems experienced by actual
speckles due to the motion of the surfaces (Sciammarella and Sciammarella,
2012). Also, good illumination is always required, for that a white light source can

provide the illumination.

Images can be obtained through a variety of sources including conventional
CCD cameras, digital cameras, macroscopes, or microscopes (McCormick and
Lord, 2010). The procedure to decode displacement is by comparing information
of two recorded images of the specimen, one recorded before deformation and
another after deformation. By that, two speckle images were recorded and saved
in the memory of computer software. A small subset is extracted from these two
images. The subset is then enlarged to show the distribution of grey levels
(Sciammarella and Sciammarella, 2012, Zhang and Arola, 2004). Each point on
the surface is unigue and the distribution in light intensity can be described by the
grayscale matrix F (x,y). After deformation of the object, each point on the surface
(x,y) is assumed to exist at a new location (x*y*) (Figure 1.4). By finding the
position of the light intensity distribution F*(x*,y*) that most closely resembles the

original distribution F (x,y), the in-plane surface displacement can be determined
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(Zhang and Arola, 2004). The position with maximum correlation coefficient (C) is

calculated to obtain the location of F*(x*,y*) according to the following equation

c= Cep k(T

[0F-CrG20 8- Cr 02

Where F and F* represent the grayscale matrices of the subset in the

undeformed image at position (x,y) and (x*y*) in the deformed image,

respectively. The symbol U& in the Equation indicates the mean value of the

elements in the matrix.

The digital cross-correlation between the two subsets is computed and a
correlation peak is produced. The amount and direction of local displacement is
given from the position of the peak in the sub-set and is measured to the accuracy
of the pixel. The height of the peak indicates the degree of correlation. After cross-
correlation normalization to the value of 1, values of the peak near 1 will indicate
a good correlation. Lower values indicate correlation degradation (Zhang and

Arola, 2004, Sciammarella and Sciammarella, 2012).
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Figure 1.4: Object surface subset point position change with deformation.

Currently, subsequent analysis can be done with specialist software which
derives the strain on the surface from displacement field collectives, providing a

full-field strain measurement (Li et al., 2009, Tiossi et al., 2012).

As DIC is based on a subset of pixels, the spatial resolution of the obtained
results is determined by the ratio of the pixels subset size to the overall size of the
region under observation. Conventional DIC only analyses the in-plane
displacements. However, using two or more cameras provides information
relevant for the extraction of full three-dimensional displacement fields (Roux et
al., 2009, Sutton et al., 2000). The out-of-plane displacement can exist but should
be limited. This could be established by carefully maximizing the distance
between the camera lens and the sample without sacrificing image magnification

which affects measurement resolution.
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1.2.4.4 Finite Element Analysis (FEA):

Stress- strain analysis of dental structures has gained increasing interest in
dentistry in recent years. The main objective of these analyses is to determine
weaknesses in the studied structures and work on the improvement of their
mechanical strength (Srirekha and Bashetty, 2010). Stress investigations of
biological structures offer an insight into their biomechanical properties and can
predict their behaviour under loading (Merd;ji et al., 2013). There are mainly three
methods to perform stress analysis: analytical, experimental, and computational
(numerical) (Srirekha and Bashetty, 2010, Merdiji et al., 2013). Analytical methods
are not available for complex dental structures. While, experimental approaches
are still widely used where samples are purposely prepared and definitive but
these are considered expensive, highly dispersive and time consuming (Ausiello
et al., 2001). The numerical method; with the increase in computational power,
helps to simulate with a great accuracy the functioning of biological structures.
The primary and most applicable computational method for stress analysis today
is the finite element analysis (FEA). FEA is a powerful numerical research tool to
understand the mechanical behaviour of materials. It provides an insight into the
complex mechanical structure of bodies affected by stress fields which is difficult
to accomplish otherwise (Ausiello et al., 2001, Romeed et al., 2006, Karl et al.,
2009, Merdji et al., 2013, Zeola et al., 2015). FEA has been long used in
engineering and industry since the 1960s (Turner, 1956, Zienkiewicz et al., 1977,
Rao, 1986, Ameen, 2005, Merdji et al., 2013). It was first developed to solve

structural problems in the aerospace industry (Karl et al., 2009, Srirekha and
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Bashetty, 2010). Subsequently it has been applied in medical and dental research

(Meroueh, 1987, Siegele and Soltesz, 1989, Karl et al., 2009).

In dentistry, the application of FEA is rather recent. The first article on the
subject dates back to 1973 and was published by Farah et al. (Farah and Craig,
1975). FEA was mainly focused on studying load transfer between dental
implants, their supporting tissues and prostheses (William et al., 1990, DeTolla et
al., 2000, Geng et al., 2001, Akca et al., 2002, Karl et al., 2009), and to study
strain in teeth enamel, dentine, and related restorations (Thresher and Saito,
1973, Yettram et al., 1976, Magne and Belser, 2002, Palamara et al., 2002,
Lertchirakarn et al., 2003, Magne and Tan, 2008, Magne and Oganesyan, 2009).
The application of this technique is still relatively small mainly due to (i) the
difficulty associated with the modelling of different shapes related to the dental
structure to be analysed, (ii) the difficulty in obtaining the mechanical properties
and dynamics of the constituent materials of the involved oral structures: enamel,
dentine, cementum, pulp, etc., and (iii) the difficulty to predict failure related to
complex geometries made of multiple materials (Merdiji et al., 2013). Furthermore,
there is a complexity associated with an expert running the software. The
mathematical description of the structure geometry, loading configuration,
material properties, external and internal boundary conditions may also be
complex. On the other hand, FEA offers several advantages when compared to
laboratory experimental testing. The simulation does not require involvement of
human material, the tested variables can be easily changed, and the procedure

is highly standardized (Srirekha and Bashetty, 2010).
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FEA can minimize the need for experimental testing but cannot replace it.
Nowadays, the experimental-numerical method combinations are considered the
most comprehensive investigations in restorative dentistry (Tantbirojn et al., 2004,
Magne, 2007). The experimental process can be digitally simulated and be
available for observation in virtual prototyping with the convenience to change the

shape or material properties to obtain the new results (Merdji et al., 2013).

The basic concept of this numerical method is to divide a model of the body
of interest, involving complicated geometries for which no simple analytical
solution can be applied, into a finite number of elements or small areas where
individual deformation (stress, strain, or displacement) can be calculated rather
than for the whole large structure. Simultaneously solving deformation of all small
elements results in assessment of the deformation of the structure as a whole
(DeTolla et al., 2000, Geng et al., 2001, Magne and Belser, 2002, Karl et al., 2009,
Magne and Oganesyan, 2009). In contrast to FEA, strain gauges present a single
point measurement that may miss critical details and cannot demonstrate strain
gradients in anisotropic non-homogenous structures used in biomechanics. Also,
the two-dimensional patterns of digital image correlation and electronic speckle
pattern interferometry provide only simple in-plane or out-of-plane surface
deformation measurements and are extremely sensitive to object movement

(Tyson, 2000, Karl et al., 2009).

FEA is usually represented as two- or three- dimensional models. The choice
between using 2D or 3D FEA used to investigate complex geometries can only
be made with understanding of the advantages and limitations of both

approaches. Although two-dimensional FEA is relatively simple and has been
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extensively applied in dental research to achieve good element and simulation
quality (Magne and Douglas, 1999, Romeed et al., 2006), numerical results of
dental structures obtained by this model suffer some shortcomings compared to
three dimensional models. As human teeth are irregular in shape and lack
symmetry, they cannot be accurately represented by 2D volumes (Rees, 1998,
Romeed et al., 2006, Srirekha and Bashetty, 2010). In contrast, new generation
3D models generate optical realistic analysis with detailed anatomical features
and computational process. However, older versions of 3D FEA models suffered
some disadvantages. They presented coarser meshes that could not represent
thin layers as at tooth restoration interfaces, or fine details as preparation margins
(Korioth and Versluis, 1997, Magne and Douglas, 1999, Romeed et al., 2006).
The application of micro-scale computed tomography scanning technique is one
of the new advances in FEA model acquisition that solved the problem and
allowed accurate anatomical details of dental structures; such as human teeth
and jaws, to be obtained (Ruegsegger et al., 1996, Shimizu et al., 2005, Magne,

2007, Srirekha and Bashetty, 2010).

Properties of the materials involved in the modelled structure including
Youngbébs modulus, yield strength, and
conditions of the virtual object define how an object reacts to certain loading
conditions and may greatly influence the resulting stress and strain distributions
(DeTolla et al., 2000, Geng et al., 2001, AlZSukhun et al., 2007, Karl et al., 2009).
Material properties can be either isotropic (same properties), or anisotropic
(different properties) (Motta et al., 2006, Srirekha and Bashetty, 2010) and FEA
can reflect each. All real-life materials are anisotropic, but are simplified into
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isotropic or orthotropic (different properties along 3 axes, namely- X, y, and z)

(Srirekha and Bashetty, 2010).

Many studies have evaluated the comparability of strain gauge measurements
and finite element analysis. Good correlations have been reported between strain
gauge and numerical analysis for displacement measurements on dental
structures (AlZSukhun et al., 2007). On the other hand, differences (Akca et al.,
2002, Srirekha and Bashetty, 2010) or non-compliance (Lertchirakarn et al., 2003,
Srirekha and Bashetty, 2010) between both methods were found by other
researchers. However, partial agreement was found by others between the two

methodologies( Kpl i k-i ojl u et al ., 2003, Srirekha

1.3 Aim of the study

Based on the aforementioned literature, caries and acid demineralisation
cause tooth tissue loss. Loss of tooth structure within the coronal aspect of the
tooth can alter stress distribution within a tooth. It has been well demonstrated
that the fracture resistance of the restored teeth is lower than sound teeth. The
combined effect of the quantity of the remaining coronal tooth structure together
with its dimension recommendations and the most appropriate restoration design
and restorative material still need further evaluation. Therefore, the main aim of
this research was to map and evaluate tooth strain in teeth with different amounts
and areas of remaining tooth structure and tooth surface loss created by dental

preparation (simulating caries created lesions) or soft drink demineralisation
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(simulating external acid erosion lesions), before and after restoration utilising
different techniques: strain gauges (SG), the surface displacement field measured
using Digital Image Correlation (DIC), electronic speckle pattern interferometry
(ESPI), and finite element analysis (FEA). In addition, testing teeth affected by

erosion required testing and verifying different acid demineralisation protocols.
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2.1 Introduction - Chapter 2:

Dental literature is replete with studies assessing dental erosion. Studies have

covered many aspects, some of them are included in Table 2.

Table 2: Literature research topics covered in dental erosion

Research aspects covered

Reference

Understanding early enamel and dentine
changes following acid erosion

(Lussi et al., 1993, Imfeld, 19964,
Amaechi and Higham, 2001a, Amaechi
and Higham, 2001b, Barbour and Rees,
2004, Amaechi and Higham, 2005, Cheng
et al., 2009b, Mann et al., 2014)

Understanding the process of erosion
initiation and progression

(Tramini et al., 2000, West et al., 2000,
Owens and Kitchens, 2007, Sauro et al.,
2008, Thomas et al., 2008, Caneppele et
al., 2012, Mylonas et al., 2018)

Erosion prevention

(Hannig, 2002, Cheaib and Lussi, 2011,
Wang et al., 2011, Hara and Zero, 2014,
Lussi and Hellwig, 2014, Moazzez et al.,
2014)

The potential of different external agents
on the remineralisation of early enamel
erosion lesions

(Ten Cate and Featherstone, 1991, Rees
et al., 2007, Lussi et al., 2008, Ten Cate
et al., 2008, Lussi, 2009, Poggio et al.,
2010, Turssi et al., 2011, Wegehaupt et
al., 2012, de Alencar et al., 2014, Hornby
et al., 2014, Soares et al., 2016,
Cassimiro-Silva et al., 2016)

The potential of different external agents
on the remineralisation of early dentine
erosion lesions

(Sauro et al., 2011, Zhan et al., 2013, Niu
et al., 2014, Poggio et al, 2014b,
Toledano et al.,, 2014, Varanasi et al.,
2014)

Imaging and detection techniques
available for surface and subsurface
lesion assessment

(Silverstone et al., 1975, Dowker et al.,
2003, Cheng et al.,, 2009b, Field et al.,
2010, Torres et al., 2010, Rakhmatullina
et al., 2011, Schlueter et al., 2011, Poggio
et al., 2013, Wang et al., 2014, Koshoji et
al., 2015, Cassimiro-Silva et al., 2016)
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To the authordéds knowl edge, no previous

progressive erosive lesions and their effect on the surface, subsurface, and
mechanical qualities of the remaining dental tissues including strain levels in
response to loading. This chapter covers research methodology development
including, tooth collection and mounting, tooth surface loss assessment using
different acid immersion protocols and measurement techniques, and comparison
of accelerated versus prolonged immersion protocols in the absence or presence
of salivary pellicle to select the most clinically and microscopically suitable
protocol to apply in the next experiments. The following text also includes
documentation of the extended effect of accelerated erosion on surface loss to
produce lesions with variable depths relevant to different clinical stages of
erosion. Moreover, it includes a study of the remineralisation potential of five

commercially available toothpastes on soft drink eroded dental tissues.

2.2 Human Teeth Collection:

Human molars and premolars were obtained as surgical waste removed as
part of routine surgery from patients attending the Department of Oral Surgery at
the Eastman Dental Hospital, Grays Inn Road, London, after obtaining written
consents from all patients under the national health services research ethics
committee (NHS REC) ethical approval no. 11L.0/0939. Our NHS REC approved
research is in full accordance with the World Medical Association Declaration of

Helsinki. Individual plastic containers (Sterilin, UK) were filled with 70% ethanol
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(GC) (Sigma-Aldrich Company Ltd. Dorset, England). Patient consent forms were
supplied to the clinic (Appendix- A). Collected samples were immediately placed
into the ethanol-filled container for a minimum of 48 hr at room temperature in
order to minimize the potential risk of pathogenic organisms, e.g.. bacteria,
viruses (HIV, Hep B & C) (Laurance-Young, 2012, Li et al., 2016, Calvo-Guirado
et al., 2018). Signed informed patient consent forms were received with all
collected sample containers. After 48 hr, samples were removed from the ethanol,
brush cleaned under soapy water and debrided of any residual soft tissues using
#12 scalpel blade and running water. The selection of teeth was based on regular
crown anatomy, intact cusps, and lack of wear. Teeth were examined under a
polarized light microscope (Olympus BX-50; Olympus America Inc., Centre
Valley, Pa) at the magnification of 20x, for evidence of caries and cracks. Any
unsuitable samples were disposed of by incineration. The selected samples were
randomly allocated to individual containers in order to anonymize them. Samples
were finally stored in their containers now filled with 0.2% thymol (BDH, UK) at
4 C to maintain enamel hydration (Jantarat et al., 2001, Palamara et al., 2002,
Soares et al., 2008b, Cianconi et al., 2011, Ferla Jde et al., 2013, de Alencar et
al., 2014, Poggio et al., 2014a, Santos-Filho et al., 2014, Al Azri et al., 2016)
Teeth were vertically or horizontally mounted in clear epoxy resin (Specifix-20;
Struers Ltd) as experimentally required. Hard copy consent forms were securely

stored in a locked room.
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2.3 Vertical and Horizontal Tooth Mounting:

Teeth were removed from the thymol solution, rinsed under soapy water and
allowed to dry. For vertical mounting, each tooth was positioned in the centre of a
(2.5 cm in height) nylon mounting mould using utility wax (Kemdent, Associated
Dental Products Ltd., Purton Swindon, UK). Each root was positioned centrally
with the long axis of the tooth aligned parallel to the mould walls (Figure 2.1/ a,
b). The mould was then poured with epoxy resin used according to the
manufacturero6s instructions to a |e
junction (CEJ) (Seow et al., 2015). The resin was allowed to set overnight then
the mounting ring was opened (Figure 2.1/ c). The base of the resin block was
machined with water-cooled silicon carbide discs (220-grit) (LaboPol-5; Struers,
Copenhagen, Denmark) to expose some of the root structure at the bottom of the

base.

For horizontal mounting, each tooth was positioned horizontally in the centre
of the mounting mould with the either the buccal or lingual surfaces facing
upwards. Special care was taken to completely seal the tooth crown surface
facing downwards with silicone putty impression (Express™ STD, Firmer set,
Vinyl polysiloxane impression material putty, 3M ESPE, St. Paul, MN, USA) to
protect it from contact with mounting resin and preserve the surface if intended
for future testing. Cold cure epoxy resin was poured in the mounting ring to cover
the tooth and allowed to set (Figure 2.2). After demounting, utility wax was
removed from the bottom of the sample by a steam cleaner (Triton SLA steam

cleaner; BEGO, Bremen, Germany) and the resin blocks were mounted into a
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low-speed water cooled microtome (Leica SP1600 saw, Leica Instruments GmbH,
Germany) and split into 2 halves (buccal and lingual). For polished surface
samples, where a flat enamel surface was required, samples were ground to
expose an area measuring about 4mm x 3 mm and finished sequentially with
water-cooled silicon carbide discs (500- and 1200-grit). Otherwise, the sound
enamel surface was left unprepared. Subsequently, the specimens were cleansed
in distilled water in an ultrasonicator (Branson 5800; Branson Ultrasonics,
Danbury, CT, USA) for 10 minutes (min) to remove any residues of the polishing

procedure and stored in artificial saliva until testing (de Alencar et al., 2014).

i

Fige 2.1: Vertical mounting steps. (A) Vertical alignment of tooth in the centre

of the mould base, (B) assembly of mould body, and (C) after resin setting and

opening of mould.
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Figure 2.2: Horizontal mounting steps. (A) Horizontal alignment of a tooth over

a layer of silicone putty at the mould base- buccal surface facing downwards,
followed by resin, (B) assembly after setting and opening of mould, and (C)

horizontally mounted tooth after removal of silicone base.

2.4 Artificial Saliva Preparation:

Artificial saliva was prepared in 1000 ml of water solution according to the
following composition (g/L): (2.3 Methyl-p-hydroxybenzoate; 0.625 KCI; 0.166
CaCl2.2H20; 1.040 K2HPO4.3H20; 0.326 KH2POs; 0.059 MgCl2.6H20; 10.00
sodium carboxymethylcellulose) (McKnight Hanes and Whitford, 1992) without
sorbitol (Levine et al., 1987), and (Amaechi et al., 1999b, lonta et al., 2014). All
saliva components were powder form products from (Sigma-Aldrich Company
Ltd. Dorset, England). Gradual addition of 1M HCL was used to adjust the pH of
the artificial saliva to (6.75) using a bench-top pH meter (PH 212 HANNA

Instruments).
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2.5 Natural Saliva Collection:

The natural saliva collection was carried out daily by one individual. Collection
was done early in the morning before any oral hygiene measures or food intake.
The saliva donor was non-smoking, had a healthy periodontium with no evidence
of any active gingival inflammation, recession or pathological pockets, and had a
past caries history with existing fillings but no active new carious or erosion
lesions. Salivary flow was stimulated by chewing paraffin wax (Ivoclar Vivadent
AG, Schaan, Liechtenstein). Saliva was collected by expectoration for 5 min
(Gursoy et al., 2010, Jayaraj and Ganesan, 2015, Almstahl et al., 2018) and
collected in 7 ml bijou containers, each filled in one expectoration. Containers
were quickly sealed and retained inside an ice filled beaker in order to prevent the
loss of carbon dioxide which would affect the pH of the saliva. Saliva containers
were transported in an ice box then clarified by centrifugation (Centrifuge 5810 R;
Eppendorf, Germany) at (4,000 rpm/4 C/15 min) (Lussi et al., 2012a). Following
centrifugation, the supernatant was filtered sterile usi ng 1 ml per
syringe filter (TPP AG, Trasadingen, Switzerland) to remove viable
microorganisms (Health and Services, 2004). The pH was then measured and
recorded (average PH=7.2). The final product was divided into 20 ml aliquots and
stored immediately at -80 C between experiments. Prior to experimental use,
frozen clarified saliva was defrosted at room temperature 24 N1 (H&l et al.,

1999, Amaechi and Higham, 2001a, Austin et al., 2016).
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2.6 Sample Size Determination - Erosion Experiments

The number of human tooth samples available for this study was highly
dependent on the number and quality of the clinical material supply of extracted
teeth, with the majority being unsuitable for use. For all experiments the sample
size was determined after analysis of pilot study results to provide 80% power at
the 5% level of significance and review of literature with relevant protocols. For
erosion experiments, a range of sample size was considered satisfactory and
employed by different relevant studies, ranging from n=5 to n=18 (Amaechi et al.,
1999Db, Ganss et al., 2000, Eisenburger et al., 2001a, Attin et al., 2003, Kato et
al., 2010, White et al., 2010, Laurance-Young, 2012, Wang et al., 2014,
Cassimiro-Silva et al., 2016). Ehlen et al. (2008) applied a similar protocol and
showed a satisfactory sample size of n=8. Therefore, it appears that our sample

size (n=8) agrees well with published work.
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2.7 Experiment 1

Assessmen t of surface finish and saliva on
enamel surface loss with var iable

demineralis ation regimes .
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2.7.1 Material and Methods - Experiment 1 :

2.7.1.1 Sample Preparation:

48 enamel samples were prepared from the mid-coronal portion of the buccal
and lingual surfaces of human third molars. 24 sound extracted 3™ molar teeth
were collected, cleaned, stored and mounted horizontally in epoxy resin. All resin
blocks were then marked and trimmed at 2 sides to create a right angle edge to
allow sample reproducible positioning on the working table of the scanning

machines where two glass slabs were fixed at right angle to act as a receptacle.

Samples were divided into 5 test groups of 8 samples each (nh=40) and 1
control (n=8). The control group received no treatment and samples were stored
in artificial saliva at all times. While, test groups were divided according to different
combinations of surface treatment criteria including, the surface finish (Sound=S,
Polished=P), erosion protocol applied (Accelerated=A, Prolonged=P), and type of
saliva used (No Saliva=NS, Artificial Saliva=AS, Natural Salivary pellicle=SP).
The test group had the following combinations: [sound enamel surface with an
accelerated erosion protocol with no saliva (SANS), polished enamel surface with
an accelerated erosion protocol with no saliva (PANS), polished enamel surface
with an accelerated erosion protocol with artificial saliva (PAAS), polished enamel
surface with an accelerated erosion protocol with natural salivary pellicle (PASP),
and polished enamel surface with a prolonged erosion protocol with natural

salivary pellicle (PPSP)]. The sound group received no surface preparation.
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While, the polished group samples were ground flat and polished. Accelerated
erosion protocol means continuous immersion in soft drink solution with or without
alternation with any other solution, not following any relevant drink consumption
pattern. It includes soft drink solution replacement every 5 hr. While, prolonged
erosion protocol mimics the daily consumption pattern of heavy soft drink
consumers for a whole year (von Fraunhofer and Rogers, 2004, Ehlen et al.,

2008). All tested enamel protocols are summarised in Table 3.

Table 3: Enamel erosion protocols:

GroupName Surface Finish ErosionProtocol Storage Medium
Control Sound - Avrtificial saliva
SANS Sound Accelerated (continuous) -
25 hr
PANS Polished Accelerated (contiuous) -
25 hr
PAAS Polished Accelerated Avrtificial saliva

(intermittent), 5 hr/day
for 5 day€ 25 hr

PASP Polished Accelerated Natural saliva
(intermittent), 5 hr/day
for 5 day€ 25 hr

PPSP Polished Prolonged, 5 cycles of 5( Natural saliva/

secondgsecjdayC 250 artificial saliva

sedday for 12 month€
25 hr
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2.7.1.2 Demarcation of the Erosion W indow:

The test surface was demarcated into one test area with two control
(reference) areas by fixing 2 strips of adhesive cellulose based tape (Scotch®,
3M, UK) (Eisenburger et al., 2001a, Barbour et al., 2006, Lagerweij et al., 2006,
White et al., 2010, Austin et al., 2016, O'Toole et al., 2016, Mullan et al., 2018,
Mylonas et al., 2018) laid parallel to each other approximately 5 mm apart on tooth
test surfaces (sound, polished) (Figure 2.3/ A), or covering half the sample
(Figure 2.3/ B). A commercial resin; nail varnish (Kiko®, Milano), was used to
seal by painting in 2 layers around the target erosion site (Larsen, 1973, Larsen,
2001, Kato and Buzalaf, 2012, Rakhmatullina et al., 2013, Souza et al., 2014), at
the reference sides of convex enamel surfaces, and some studies applied both
adhesive tape and varnish to ensure a seal rendering the surface acid resistant
(Figure 2.3/ C, D). The erosion window measured about (5 mm x 5 mm). To
create a sequential erosion step-like lesion on one sample, nail varnish was
painted to protect each step from further erosion. Samples were left to dry for 1
hr then stored in normal saline solution (0.9% NaCl in water, Sigma-Aldrich
GmbH, Steinheim, Germany) until testing. Following the acid exposure, the tape
was removed and any adhesive left was removed by an ethanol wet cotton pellet
(70% solution, Sigma-Aldrich Company Ltd. Dorset, England). While, the removal
of the varnish layer was achieved by gentle rubbing with cotton wool dipped in
acetone (nat ur-aAldrich@enpéhy LtdsS Dayset,aEngland) (Rios et

al., 2006, Moretto et al., 2010, Danelon et al., 2018).
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Figure 2.3: Buccal erosion window demarcated on different surfaces of a
molar tooth with: (A) adhesive tape on two sides-eroded sample, (B) adhesive
tape on one side-polished sample, (C) both adhesive tape and nail varnish-
sound surface (pre-erosion), (D) both adhesive tape and nail varnish- acid
eroded sound surface (post-erosion). Red dotted line demarcates the

boundary of the adhesive tape reference area.
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