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ABSTRACT

This thesis investigated conveniently selected factors that may influence the
progression of erosive tooth wear. The designs were a laboratory study, case-
control study and a RCT evaluating the influence of dietary advice on progression.
The effect of timing of fluoride application with a previously reported erosive
challenge was investigated in vitro. Human enamel samples (n=80) were treated
with 225ppm stannous or sodium fluoride, either before or after a citric acid
challenge (0.3%). The mean step heights (SD) for stannous fluoride applied before
and after erosion were 3.2um (0.57) and 4.2um (0.7) respectively and these were
statistically significantly lower than sodium fluoride application (before: 8.2um
(0.65) and after: 7.5um (0.85), p<0.001). Stannous fluoride resulted in least step

height when applied before erosion and sodium fluoride after erosion.

A validated questionnaire assessed commonly reported dietary and tooth brushing
habits on a convenient sample of 300 participants with severe erosive tooth wear
and 300 controls in a case-control study. The frequency of dietary acid intake
between meals had the strongest association with erosive wear (OR 3.83-14.86,
p<0.001). No association was observed with tooth brushing after an erosive

challenge when dietary factors were controlled for.

A randomised controlled trial assessed the impact of enhanced dietary advice
(n=28) on severe erosive tooth wear progression compared to standard of care
advice (n=29). Addition-silicone impressions and questionnaires were taken at

baseline and 6 months later. Impressions were cast in dental stone, scanned using



laser profilometry and superimposed using surface matching software. The dietary
intervention group reduced daily frequency of acid intake between meals by three
intakes (IQR 1, 3) compared to one intake (IQR 0, 3) for controls, p=0.048. The
intervention group also demonstrated reduced volume loss per surface (Omm?3

(IQR -0.18, 0.18)) compared to controls (-0.06mm? (IQR -0.24, 0.11), p=0.045).

These studies suggest that prevention should focus on limiting dietary acid

consumption between meals.
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PREFACE

This thesis is an investigation into the timing of dietary acid intake, oral hygiene
procedures and tooth wear. The aim was to increase the evidence base for
preventing dietary erosive tooth wear progression using a combination of

laboratory, epidemiological studies and interventional studies.

The literature review in Chapter one overviews the current evidence base for risk
factors associated with dietary erosive tooth wear. Current concepts regarding
surface protection, abrasion and remineralisation are discussed. Methods of
dietary assessment, dietary advice and adherence to advice were also reviewed.
The measurement of erosive tooth wear both based in the laboratory and clinically,

are challenging and methods were critically reviewed.

An in vitro investigation into the optimal timing of fluoride application, either
before or after an erosive challenge, is described in Chapter two. This chapter also
highlights how changing the research methodology can produce different research

outcomes.

Chapter three describes the training and standardisation exercises for the Basic
Erosive Wear Examination (BEWE), in addition to the development and validation
of a dietary assessment questionnaire. The BEWE and dietary questionnaire

underpinned the clinical studies described in chapters four and five.

The questionnaire utilised a case-control design to investigate the association
between timing of dietary acid intake, oral hygiene procedures and erosive tooth

wear. The methodology, findings and discussion is described in Chapter four.

13



The risk factors identified from chapter four were used to design a randomised
controlled clinical trial investigating the impact of dietary advice on tooth wear
progression. An inter-disciplinary approach was used to develop a behaviour
change intervention which was compared to standard-of-care dietary advice. This
assessed if providing advice can result in behaviour change and whether this
behaviour change is sufficient to slow tooth wear progression. Furthermore, a
novel method of measuring tooth wear in vivo was utilised. The development of
the intervention, methodology and problems identified with measurement of

erosive wear in vivo are described in Chapter five.

Chapter six provides a general discussion and reflection on the findings while

Chapter seven discusses suggestions for future work.
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CHAPTER 1: LITERATURE REVIEW

1.1 TOOTH WEAR
Tooth wear is a complex process involving erosion, attrition, abrasion and

theoretically, abfraction. Erosive tooth wear is a relatively new term used to
describe the interaction of acids with mechanical tooth wear. It has recently been
defined as the chemical-mechanical process resulting in a cumulative loss of hard
dental tissue not caused by bacteria (Carvalho et al. 2015). Epidemiological
evidence suggests that the prevalence of erosive tooth wear is increasing,
particularly in younger age groups (Jaeggi and Lussi 2014).

1.1.1 EROSION
Erosion is defined as the progressive loss of tooth substance by chemical processes
that do not involve bacterial action (The Academy of Prosthodontics 2005).
Erosion presents as a smooth, silky or glazed surface with slight changes to the
original morphology such as rounding of cusp tips and loss of developmental
ridges. As erosion progresses distinct defects in the enamel may develop. Often the
width of the lesion extends beyond the depth. As the enamel thins, crown height
may be reduced and incisors may be prone to incisal chipping. Increased erosion
wear rates on teeth may leave restorations raised above the level of the dental
surface. The clinical presentation of erosion may vary depending on the aetiology

and site affected (Lussi 1996; Nunn et al. 2003; Wetselaar and Lobbezoo 2016).

In addition to clinical findings, dental hypersensitivity is increasingly being
recognised as a symptom of active erosion (Bartlett 2016a). A recent in vivo study

observed an increase in clinical dentine hypersensitivity when a dietary acid was
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consumed in the previous hour (Olley et al. 2015). Dietary acids have the potential
to remove the smear layer, opening dentinal tubules and increasing the risk of
hypersensitivity (West et al. 2013a). Although large epidemiological studies have
linked the presence of dental hypersensitivity with an acidic diet (West et al.
2013b) there are clinical studies which observed no relationship (Mafla and Lopez-
Moncayo 2016). Further clinical studies would be beneficial to confirm the role of

erosion in dental hypersensitivity.

1.1.1.1 Extrinsic causes of dental erosion
The most common extrinsic cause of dental erosion and the focus of this thesis are

dietary acids. The chemical and behavioural factors which affect the erosive
potential of a dietary acid are discussed in this section. There are other rare
extrinsic causes of dental erosion such as acid fumes in factories (Petersen and
Gormsen 1991; Chaturvedi 2015) and inadequately maintained chlorinated
swimming pools (Zero 1996; Buczkowska-Radlinska et al. 2013) which are outside

the scope of this thesis.

1.1.1.1.1 Specific dietary acids
The chemical erosive potential of an individual dietary acid depends on the pH

value, titratable acidity, calcium chelation properties, buffering capacity and
mineral content (Barbour et al. 2011). The pH value is the most widely used
predictor of erosive potential, particularly when assessing the inchoate erosive
challenge (Shellis et al. 2014). Authors have argued that titratable acidity better
characterises the erosive potential during longer exposure times (Hannig et al.
2005; Jensdottir et al. 2006) but both provide information about the erosive
potential of an acid. Citric acid, the most common form of dietary acid, has been

particularly implicated in dietary erosive tooth wear (Shellis et al. 2013). This
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complex, weak acid partly dissociates depending on the ion saturation of the
environment. If protons are consumed during the erosive challenge, further
protons can be released. Furthermore, citric acid chelates with calcium, forming
complexes of calcium citrate with varying degrees of solubility (Shellis et al. 2014).
To chelate with calcium, citric acid molecules must have delivered at least two of
its three protons. Citric acid releases protons at pH 3.13, 4.74 and 6.42. This results
in the majority of calcium chelation occurring as the pH rises above pH 4 (Shellis et
al. 2013). At this pH, up to 32% of the calcium in saliva can be complexed to citrate

rendering it inactive for remineralisation (Meurman and ten Cate 1996).

The majority of in vitro studies contrast the erosive potential of different acidic
foods and beverages based upon the above parameters (Wang and Lussi 2012).
Citrus fruits, other fruits, fruit juices, fruit-flavoured waters, fruit-flavoured tea,
most carbonated beverages including sugar-free versions, energy drinks, sports
drinks, acidic sweets, vitamin C supplements and most alcoholic beverages have
been implicated (Jarvinen et al. 1991; Ireland et al. 1995; Ganss et al. 1999; Lussi et
al. 2000; Rios et al. 2009; Wang and Lussi 2012). Acidic medications and their
artificially sweetened counterparts have also been implicated, particularly when

consumed on a daily basis (Attin et al. 2001; Adrian Lussi, Megert, et al. 2012).

Clinical studies have attempted to investigate if a specific dietary acid has a
stronger relationship with erosive tooth wear. A trans-European study on 3,187
adults observed a highly significant (p<0.0001) relationship between frequent
fresh fruit intake and presence of tooth wear (Bartlett et al. 2013). A study
investigating 1,456 subjects in Norway reported an increased odds ratio for

drinking sugary soft drinks (OR=1.9) over fruit juices (OR=1.6) (Mulic et al. 2012).
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Correr et al. 2009 observed an odds ratio of 1.12 for artificial juice consumption
compared to 2.09 for soft drink consumption in a cross-sectional study on 389
children (Correr et al. 2009). Another UK study on 2,385 children observed that
consumption of pickles had the strongest association with increased tooth wear

(Milosevic et al. 2004).

These clinical trials are highly dependent on the diet of the population being
studied and the questions asked by the examiner. Studies have suggested that a
preference for acidic foods alone is related to erosive tooth wear (O’Sullivan and
Curzon 2000; Dugmore and Rock 2004a). While the erosive potential of specific
dietary acids is important, acids are regularly consumed by the population without
resulting in pathological wear. Other factors may play a more important role in the

progression of erosive tooth wear.

1.1.1.1.2 Frequency of dietary acid intake
There is evidence, from laboratory and epidemiology studies, to suggest that

frequency of dietary acid consumption may be the most important risk factor in
the development of dietary erosive tooth wear. Laboratory studies have shown
that increased frequency of erosive cycles result in greater bulk tissue loss (Mistry
et al. 2015). Several epidemiological studies have observed increasing odds ratios
with increasing frequency of dietary acid intake (Bardsley et al. 2004; Dugmore
and Rock 2004a; Milosevic et al. 2004; El Aidi et al. 2011; Mulic et al. 2012; Lussi

and Hellwig 2014).

One case-control study (n=200 adults) reported participants were 19 times more
likely to have erosive wear if citrus fruits were consumed more than twice daily

and 14.2 if soft drinks were consumed twice daily (Jarvinen et al. 1991). However,
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the sample size was relatively small and confidence intervals quite large to
extrapolate these large odds ratios to the general population. Mulic et al. 2012
used a cross-sectional study design on 1,456 18 year olds and observed the odds
ratio with erosive tooth wear increased from 1.5 for one daily intake of sugary soft
drinks to 2.2 if consumed several times daily (Mulic et al. 2012). Other studies have
observed a relationship between erosive tooth wear and two or greater daily
intakes of acidic beverages (Moazzez et al. 2000; Milosevic et al. 2004) or three or
more daily intakes of acidic beverages (Dugmore and Rock 2004a; Murakami et al.
2011; Abu-Ghazaleh et al. 2013). These studies are limited in their ability to assess
risk for a combination of different sources of dietary acid intake e.g. combinations
of beverages and acidic fruits. There are epidemiological studies observing no
relationship between frequency of dietary acid intake and erosive tooth wear
(Chadwick et al. 2005; Tahmassebi et al. 2006; Alvarez Loureiro et al. 2015).
However, when assessing their methodology, the frequency of acid intake is
questioned on a weekly basis rather than a daily basis (Ayers et al. 2002;
Ratnayake and Ekanayake 2010; Mafla and Lopez-Moncayo 2016). Risk of erosive
tooth wear appears to increase significantly with daily consumption (Sovik et al.
2015; Gonzalez-Arag6n Pineda et al. 2016) although this remains to be verified. In
summary, there is considerable evidence to substantiate the belief that the

frequency of dietary acid consumption is associated with erosive tooth wear.

1.1.1.1.3 Quantity of dietary acid intake
The majority of epidemiological studies have focused on the frequency of acid

intake but with limited assessment of quantity of acid intake. Quantity of dietary
acid intake is relatively difficult to assess as portion size is often subjective and

difficult to measure (Andersen et al. 2004). Perhaps the most sophisticated method
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to date has been performed by Sovik et al. when the quantity was assessed via a
self-administered questionnaire after participants were asked to report the
quantity of each drink in litres. Acidic beverage consumption was categorised into
low (0-0.24 L/day) moderate (0.25-0.74 L/day) and high (0-.75-5 L/day)
consumption (Sovik et al. 2015). A higher prevalence of erosion was observed in
those with increased quantity consumption. Another cross-sectional study
performed on young Icelandic adults dichotomised quantity data into>1 Land < 1
daily. A relationship with erosive tooth wear was observed when greater than 1
litre of carbonated drinks were consumed (Jensdottir et al. 2004), although limited
information is given on the method of data collection in this study. Studies have
also measured quantity in litres consumed per year (Johansson et al. 2002;
Hasselkvist et al. 2014). The interpretation of this as a meaningful guideline to
patients is difficult and gives no indication as to frequency. El Aidi et al. assessed
beverage intake in adolescents via glasses per week and observed that the number
of glasses of carbonated beverages consumed was statistically associated with
erosive wear (El Aidi et al. 2011). This method may not be reliable, having been
obtained from a self-administered questionnaire, where clear instructions were
not given about glass size. The only study, to the author’s knowledge, investigating
quantity of fruit intake and erosive wear was performed in an investigation of
prevalence of erosion in those consuming a raw food diet (Ganss et al. 1999). The
quantity of fruit intake, via a self-administered questionnaire, was assessed with
picture accompaniments providing guidance as to portion size. An increased
prevalence in those with a median fruit intake of 9.5 kg (Range 1.5-23.7 kg) per
week was observed (Ganss et al. 1999). There are clinical studies which have found

no relationship between quantity of acid intake and erosive tooth wear (Mathew et
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al. 2002) and the field would benefit with input from a dietician or other expert in

dietary assessment, to optimise assessment of quantity of acid intake.

1.1.1.1.4 Timing of Dietary Acid Intake
It has been recommended to consume dietary acids at mealtimes to minimise

potential damage to dental tissues (Lussi, Jaeggi, and Zero 2004), although there is
a lack of clinical data to support this. Theoretically, increased salivary flow rates
and buffering capacity of additional foods at mealtimes may lower the erosive
potential of the acid sufficiently to prevent demineralisation and irreversible tissue
loss (Moynihan and Petersen 2007). Erosive wear may also be decreased when
dietary acids are consumed with foods containing a high calcium or phosphate
content (Lussi, Jaeggi, and Zero 2004). Some epidemiological studies have
observed a protective effect with high consumption of dairy produce (El Aidi et al.
2011; Salas et al. 2015; Hasselkvist et al. 2016) and others have not (Bartlett et al.
2013; Okunseri et al. 2015). To the author’s knowledge there has been one study
investigating the effect of consumption of acidic beverages between meals
(Hasselkvist et al. 2016). The frequency of carbonated beverage consumption
between meals was observed to be associated with erosive tooth wear progression
(p=0.018). Disappointingly, reporting on this individual aspect is not clear as it was
a large prospective longitudinal study investigating several other variables. The
protective effect of consuming acids with meals remains to be investigated

epidemiologically and the clinical significance remains to be verified.
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1.1.1.1.5 Duration of dietary acid intake and alternative drinking methods prior to
swallowing
Alternative habits prior to swallowing, such as holding drinks in the mouth,

swishing or rinsing drinks, or sipping drinks slowly have also been associated with
erosive wear. One of the first studies to investigate alternative drinking habits
examined participants’ dental plaque pH. The author’s observed that intraoral
plaque pH decreased to a greater extent when a carbonated beverage was rinsed in
the mouth compared to “normal” drinking (Edgar et al. 1975). A more recent study
investigated different forms of drinking: long-sipping, short sipping, holding and
gulping and observed larger drops in pH when drinks were held in the mouth, but

a sustained lower pH when long-sipping was performed (Johansson et al. 2004).

Following an acid challenge, the liquid surface layer adjacent to the tooth becomes
saturated with calcium and phosphate ions removed from the dental surface (Lussi
etal. 2011). Provided this layer remains undisturbed an equilibrium can be
established when the demineralisation process of tooth structure stops (Shellis et
al. 2014). Following cessation of the acid intake, acid clearance and normalisation
of the intraoral pH has been reported to occur rapidly over 2-13 minutes (Millward
et al. 1997; Bartlett et al. 2003; Hans et al. 2016). However, this saturated surface
layer may be disrupted in vivo as the acid is replenished through prolonged intake
or if the acid is forcefully moved around the mouth with “swishing” or “rinsing”
habits. This theory is supported in vitro. Shellis et al. observed increased tooth
wear in vitro when the duration of acidic challenge was increased, the acid was
concentrated in one area, or the acid was agitated against dental surfaces (Shellis
et al. 2005). An increased flow rate and the adherence of the acid to the surface has

also been reported to result in increased wear in vitro (Ireland et al. 1995;
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Busscher et al. 2000). This may be particularly relevant for carbonated beverages,
where the increased activity of the effervescent acid may help to drive the erosive

process (Busscher et al. 2000).

Clinically, prolonged drinking time of an acidic beverage has been observed to
result in increased wear. Hara et al. reported that enamel surfaces with a salivary
pellicle were able to reduce demineralisation by orange juice for up to 10 minutes
of acid exposure compared to surfaces with no pellicle. In contrast, the protective
effect of the pellicle failed after a 20 minute acid exposure (Hara et al. 2006).
Johannsson et al. 2002 observed that those with erosion held the acidic drink in
their mouths for statistically longer prior to swallowing (Johansson et al. 2002),
although this was a small sample size of 20 adults. A larger study of 354
adolescents reported an increased risk of erosive tooth wear when participants
“made the drink last” compared to those who “drank straight away”(Al-Majed et al.
2002). In contrast one study reported that participants with erosive wear drank
more quickly than a control group (Moazzez et al. 2000). The authors also
reported that the intraoral pH remained lower for longer on the lower first molars
on participants with erosive wear. The authors hypothesised that this may be
indicative of a habit of retaining the drinks in the mouth as the group observed no

difference between salivary parameters.

Studies which have investigated this epidemiologically have observed statistical
relationships between alternative drinking habits and tooth wear (0’Sullivan and
Curzon 2000; Bartlett, Fares, et al. 2011; Chrysanthakopoulos 2012; Hasselkvist et
al. 2016). The relationship between prolonged fruit eating habits and erosive tooth

wear has yet to be investigated epidemiologically.
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1.1.1.2 Intrinsic causes of dental erosion
The pH of gastric acid normally ranges from 1-3 with hydrochloric acid being the

predominant acid (Lindquist et al. 2011). Release of the gastric contents into the
oral cavity due to an underlying physical or mental condition has been associated
with erosive tooth wear (Moazzez and Bartlett 2014). As detailed discussion of the
intrinsic causes of erosive tooth wear is outside the scope of this thesis, this review
will focus on potential difficulties when attempting to exclude intrinsic aetiological

factors.

Conditions implicated in erosive tooth wear may be recognised from taking a
thorough medical history (Barbosa et al. 2010; Moazzez and Bartlett 2014).
Difficulty arises when the disease is undiagnosed or the patient does not divulge
their condition. The most common intrinsic cause of erosive wear is gastro-
oesophageal reflux (Moazzez and Bartlett 2014). Symptoms which provide an
indicator of gastro-oesophageal reflux include heartburn, chest pain, chronic
cough, hoarseness and globus (Moazzez and Bartlett 2014), although it is known
that symptoms are not necessarily a reflection of the severity of the disease
(Quitadamo et al. 2015). Symptoms may also not be present (Bartlett et al. 1996).
If symptoms are present, the general population do not always seek medical
attention for it (Cohen et al. 2014) and as a result the disease may remain
undiagnosed and uncontrolled (Cohen et al. 2014). Investigative tests to confirm a
diagnosis of reflux are invasive and it is therefore difficult to diagnose gastro-
oesphageal reflux as the aetiological factor in erosive tooth wear if the patient is
unaware of it (Bartlett et al. 1996; Bartlett et al. 2001). This is particularly true if

patients are also consuming an acidic diet.
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Eating disorders are also common in the UK population with bulimia nervosa being
of particular significance to dental erosion. Bulimia nervosa is reported to affect
0.5% of women and 1% of men in the UK (Wiles et al. 2006). A recent systematic
review observed those with eating disorders to be 5 times more likely to have
dental erosion (95% CI 3.31-7.58)(Kisely et al. 2015). Co-morbidities often present
alongside eating disorders which can exacerbate erosive tooth wear such as
depression, anxiety and poor diet (Kisely et al. 2015). Anti-depressant medication
has been implicated in erosive tooth wear possibly due to xerostomic side-effects
of the medication (Bartlett et al. 2013). Klein et al. also observed in a case-control
study that bulimia nervosa patients (n=78) consumed on average between 25.4 -
39.5 cans of diet beverages per week compared to 7.4 cans for healthy controls
(n=32) (Klein et al. 2006). In addition, bulimic patients have also been observed to
have lower unstimulated salivary flow rates (Dynesen et al. 2008; Uhlen et al.
2014; Kisely et al. 2015). Similar to gastro oesophageal reflux disease, studies have
reported that severity and duration of disease is not always an indicator of severity
of wear (Schlueter and Tveit 2014; Uhlen et al. 2014). Patients may also be
reluctant to divulge their eating disorder to their dentist, again creating difficulties
with differentiating intrinsic erosion from extrinsic erosion (Burkhart et al. 2005).
These potential confounding factors need to be taken into consideration when
investigating dietary erosive wear.

1.1.2 ABRASION
Abrasion describes the mechanical removal of dental hard tissues through the use
of foreign objects or substances (Imfeld 1996a). Abrasion lesions have been
quoted as manifesting as wedge shaped defects on the buccal cervical surface of

canines and premolars. Lesions are often more wide than deep (Ganss and Lussi
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2014). Tooth brushing with an abrasive dentifrice, nail biting, pen biting,
toothpicks and other foreign objects have been implicated in abrasive wear (Addy
and Hunter 2003). Of these tooth brushing is the most common with the strongest
evidence base (Wiegand and Schlueter 2014). Although tooth brushing with a
dentifrice of high abrasivity alone can result in tooth wear (Dzakovich and Oslak
2008), there is often an erosive element involved (Addy 2005) and this is
discussed further in section 1.3.3.2.

1.1.3 ATTRITION
Attritional wear is the loss of tooth tissue due to friction between opposing teeth
(Van'T Spijker et al. 2007). Attritional wear can be physiological due to normal
wear and tear or pathological (bruxism) and is characterised by flattened occlusal
surfaces with interdigitating wear facets on the opposing arch. The degree of wear
in both arches are generally equal as is the degree of wear in enamel and dentine
(Bartlett 2005). There may also be fracturing of cusps or restorations. Intraoral
soft tissue signs can include white keratinization lines on the buccal occlusal line
and crenations on the tongue (Bartlett 2005; Wetselaar and Lobbezoo 2016). Extra
oral signs may include masseteric hypertrophy, tenderness of the muscles of
mastication and limited opening. The patient may also report with
temporomandibular dysfunction symptoms such as morning stiffness/pain and
headaches (Jonsgar et al. 2015).

1.1.4 ABFRACTION
Abfraction is defined as wear at the cemento-enamel junction occurring when
enamel prisms fracture due to concentration of stress on the cervical region during
function and parafunction (Lee and Eakle 1984). Lee & Eakle 1984 described the

process as weakening of the cemento-enamel junction due to eccentric occlusal
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forces which made enamel more susceptible to erosive and abrasive forces (Figure

1, Lee and Eakle 1984).

Figure 1: Theoretical aetiology of abfraction

Grippo was the first to term the process “abfraction” in 1991 and classified it as a
purely mechanical process from premature occlusal contacts (Grippo 1991).
Unfortunately, this has resulted in some practitioners forming unnecessary
occlusal equilibrations in an attempt to prevent tooth wear progression (Wood et

al. 2008).

To date there is little evidence to support abfraction. One study performed
extensive investigations on the anatomy of cervical lesions and could not find
evidence to support a microfracture theory (Walter et al. 2014). Experimental
evidence has shown that cervical tooth structure is more susceptible to
degradation than occlusal enamel (Dejak et al. 2003) and is a confounding factor
which is rarely accounted for in the limited number of clinical trials investigating
abfraction. Furthermore, a recent systematic review concluded that there was

limited evidence to support occlusal interferences as an aetiological factor in tooth
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wear (Silva et al. 2013). Further research is required to prove that occlusal
interferences are an aetiological factor in tooth wear progression.

1.1.5 EROSIVE TOOTH WEAR
Although the three wear processes are discussed separately above, clinically they
rarely occur in isolation (Bartlett 2005). It has been recognised that early
presentation with severe tooth wear will have some form of underlying erosive
element (Margaritis and Nunn 2014). Erosive tooth wear is recognised as
pathological wear facilitated by erosion (Carvalho et al. 2015). Erosive tooth wear
may present with a combination of the histological features and symptoms from
erosion, attrition and abrasion, which aid in the diagnosis of the primary

aetiological factor.

The symptoms and complaints of erosive tooth wear vary between individuals (Al-
Omiri et al. 2006). In some cases where severe wear may be present, the patient
may remain asymptomatic and unconcerned. In other cases the wear may be quite
minimal but is of concern to the patient (Al-Omiri et al. 2006). The clinical
problems associated with tooth wear tend to be appearance, loss of function and
pain (Al-Omiri et al. 2006; Daly et al. 2011; Wazani et al. 2012; Ahmed et al. 2014).
A study on 290 tooth wear participants referred into Liverpool Dental Hospital
restorative clinics reported aesthetics to be the most prevalent presenting
complaint (59%), followed by hypersensitivity (40%), functional problems
(16.6%), tooth or restoration failure (16.6%) and pain (13.8%). A similar recent
study in Glasgow reported that 25% of patients reported hypersensitivity and 12%
of patients reported impaired function. Few patients (8%) required treatment by a

prosthodontic specialist (Ahmed et al. 2014). However studies have reported that
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severe tooth wear can have a negative impact on quality of life comparable to the
impact of being edentulous (Papagianni et al. 2013; Li and Bernabé 2016). Unlike
caries, there is no clear indication when treatment is suitable and no clear
consensus amongst experts in the field (Van'T Spijker et al. 2007; Bartlett and
Dugmore 2008; Ganss 2008). When restorative treatment for severe erosive wear
is required, it is frequently complex (Muts et al. 2014) and in severe cases often a
full mouth rehabilitation approach is required. There is a direct conflict between
the natural reluctance to remove further tooth structure with extensive
preparations and the necessity for long-lasting restorations in an aggressive oral
environment (Bartlett 2016b). There is also a paucity of critical reviews and high
quality literature related to the long-term outcome of tooth wear rehabilitation
approaches. If the patient is asymptomatic with no aesthetic concerns and function
is not impaired, prevention of future progression may be the optimal treatment

(Bartlett 2016b).
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1.2 TIMING OF ORAL HYGIENE PROCEDURES

1.2.1 THE CHEMISTRY OF DENTAL EROSION
Enamel is a highly mineralised crystalline structure of hydroxyapatite (Caio (PO4)s

(OH)2) and several impurities such as sodium, magnesium, and fluoride which vary
between individuals (Lussi et al. 2011). Hydroxyapatite (HA) is insoluble in water
but is susceptible to dissolution in acidic conditions. The critical pH of HA is the pH
at which the surrounding solution is just saturated with minerals with respect to
HA and depends on calcium, phosphate and other active ion concentrations in the
solution (Shellis et al. 2014). When the pH of a solution drops below this level of
saturation, HA will dissolve until the solution reaches saturation again. Once a

critical pH has been reached initial dissolution occurs as shown Figure 2 (Dawes

Figure 2: Dissolution reaction of hydroxyapatite

Precipitation & Dissolution
Cao(PO4)6(OH), & 10Ca% + 6PO4 + 20H
Solid & Solution

2003).

When there is a supersaturation of calcium and phosphate ions the pH can be as
low as 4 without damaging dental enamel. A commonly given example is that
despite having a low pH due to the lactic acid content, yoghurt has low erosive

potential (Lussi, Jaeggi, and Zero 2004).

Liquid can move through enamel prisms of the teeth causing deeper layers of
softening (Bertacci et al. 2007). Mineral release from HA results in surface
softening of the outermost layer between 0.2 and 2pm thick (Barbour et al. 2005;
Lussi et al. 2011). At this stage, the tissue is particularly susceptible to mechanical

forces (Lussi et al. 2011). In the absence of further erosive challenges or
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mechanical removal an adaptive process can occur whereby minerals can form
new ionic bonds within the crystalline structure (Lussi, Hellwig, et al. 2012).

1.2.2 AN OVERVIEW OF THE ROLE OF SALIVA IN EROSIVE TOOTH WEAR
There are several inherent protective mechanisms that limit hydroxyapatite
dissolution during an erosive challenge. Saliva is thought to be the most significant
protective factor with erosive challenges in situ or in vivo producing substantially

less erosive wear than erosion in vitro (Hunter et al. 2000).

1.2.2.1 Preventing demineralisation
The presence of saliva initially acts on a macro scale within the oral environment,

limiting the severity of the acid challenge. Presence of saliva dilutes the acid and
gradually eliminates the acid from the oral cavity through swallowing (Buzalaf et
al. 2012). Intraoral acid clearance rates in those with normal salivary flow rates
have been observed to range from 2-13 minutes (Millward et al. 1997; Bartlett et
al. 2003; Hans et al. 2016). Higher salivary flow rates have been associated with
lower plaque pH after an erosive challenge (Tenovuo and Rekola 1977). In
addition, studies have reported those with reduced salivary flow rate showed
increased susceptibility to erosive wear (Dugmore and Rock 2003a; Moazzez et al.
2004; Dynesen et al. 2008). In contrast, some studies have observed increased
erosive wear in those with a low salivary buffering capacity and not salivary flow
rate (Moazzez, Smith, and Bartlett 2000; Lussi et al. 2012). As saliva is
supersaturated in calcium, phosphate and other minerals with respect to tooth

structure, it is able to act as a buffer, neutralising acids (Lussi et al. 2011).

Saliva also acts on a micro scale on the dental surface. The acquired salivary
pellicle is the protein-based layer, which rapidly forms on teeth immediately after

contact with saliva. It forms through the selective adsorption of approximately 130
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salivary proteins to enamel surfaces (Siqueira et al. 2012). The role of individual
proteins present in the pellicle is increasingly being researched and some proteins
e.g. statherin, mucin, may be more of relevance than others in protecting against
acid damage (Moazzez et al. 2014). This protein layer initially acts as a diffusion
membrane preventing direct contact of the acid on the hydroxyapatite crystals
(Carpenter et al. 2014) adding protection even at the initial stages of maturation
(Hannig et al. 2004; Hannig et al. 2009). It reaches an initial thickness after 2-3
minutes and stays at that level for a period of approximately 30 minutes. It then
triples its thickness and stabilizes at this size (Skjgrland et al. 1995). This thickness
is reported to be between 0.3um and 1.06pm (Amaechi et al. 1999) and may be an
important indicator in the susceptibility of sites to dental erosion (Amaechi et al.
1999). The pellicle has not been reported to be removed by normal tooth brushing

force and dentifrices with medium/low abrasivity (Joiner et al. 2008).

[t is clear that salivary factors have a role in protection against erosive tooth wear
and it is likely to be a combination of mineral and protein content, stimulated and
unstimulated flow rates and buffering capacity (Buzalaf et al. 2012). However, high
individual variation is common in salivary studies and different donors provide
different levels of protection despite having similar salivary parameters (Wetton et
al. 2007; Lussi et al. 2014). This may be an explanatory factor for erosive wear

progression in some individuals and not others.

1.2.2.2 Encouraging remineralisation
Both artificial and natural saliva have been observed to increase the surface

hardness of enamel and dentine following an erosive challenge (Attin et al. 2000;
Amaechi and Higham 2001; Attin et al. 2001). However, dental impressions taken

immediately after and at increasing time intervals post an erosive challenge
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observed no statistical visual differences in SEM imaging after a one hour in situ
period (Rios et al. 2008). Another clinical SEM study observed remineralisation
had started to occur within 2 hours and showed significant signs of repair at 24
hours (Seong et al. 2015). However, full rehardening of enamel/dentine with saliva
under realistic clinical conditions has not yet been reported. One clinical study
performed acid etching on premolar teeth scheduled for extraction for 2 minutes
with 50% phosphoric acid. When extracted 90 days later and subjected to SEM
imaging, evidence of etching was still present (Garberoglio and Cozzani 1979).
Although this study had a small sample size (n=6) with an extreme acid challenge,
it provides evidence that the remineralising potential of saliva is limited. More
recent evidence of this can be observed in a quantitative in situ clinical experiment,
where control enamel samples were eroded and left undisturbed in situ for 7 days

without regaining their original microhardness value (Joiner et al. 2014).

Furthermore there are studies which suggest that proteins within saliva may
interfere with the remineralisation process (Lussi et al. 1988). A recent paper
observed that a 4 hour intraoral remineralisation period did not significantly
increase abrasion resistance whereas a similar remineralisation period with
artificial saliva did increase abrasion resistance (Lussi et al. 2014). The authors
theorised that proteins can bind to the demineralised enamel acting as a potential
barrier to remineralisation (Lussi et al. 2014). Further research is required in this

area.
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1.2.3 THE ROLE OF ORAL HYGIENE IN EROSIVE TOOTH WEAR
1.2.3.1 Fluoride therapy
There is a strong evidence base for using fluoride to prevent demineralisation and

encourage remineralisation in the dental caries process. However the relationship
between fluoride and the erosive process has yet to be fully clarified. Although
both processes involve dental mineral loss, with interchanging degrees of
demineralisation and remineralisation, the caries lesion is different to the erosive
lesion. Caries most commonly occurs in areas of plaque stagnation, presenting in
the sheltered areas of fissures, interproximally and at gingival margins. Formation
of fluoride reservoirs surrounding an affected area is possible and oral hygiene is
commonly poor. In contrast, erosive lesions are found on exposed surfaces, most
commonly affecting the smooth surfaces of upper anterior teeth and the occlusal
surfaces of first molars (Jaeggi and Lussi 2014). Erosive lesions can be diffuse,
widespread lesions affecting all teeth in the dentition to a greater or lesser degree.
Poor oral hygiene is not necessarily implicated; dental erosion and good oral
hygiene performed after an erosive challenge may be related to increased dental
tissue loss (Lussi and Carvalho 2014). There are limited evidence based guidelines
when targeting erosive wear surrounding oral hygiene procedures and there is no

consensus on evidence based guidelines for fluoride therapy.

1.2.3.1.1 Mechanisms of action of fluoride
Despite this, there is evidence that fluoride has a preventive role in erosive tooth

wear (White et al. 2012). The potential mechanisms of action of fluoride against
erosive wear are threefold. Incorporation of fluorides into the crystal lattice of
enamel hydroxyapatite has been shown to reduce susceptibility to future erosive
challenges (Schlueter, Klimek, et al. 2009a; Lussi and Carvalho 2015). Secondly, the

formation of calcium fluoride deposits on the surface providing sacrificial intraoral
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fluoride ions, may act as a potential barrier against an acid challenge (Gerth et al.
2007; Lussi, Hellwig, et al. 2012). Thirdly, following demineralisation, fluoride
minerals may re-enter the crystalline structure, remineralising the eroded tissue

(Barlow 2009).

However, the clinical relevance of these mechanisms in isolation is relatively
unknown. Mineral incorporation has been observed to have a relatively weak
protective effect compared to the presence of available fluoride ions (Ogaard et al.
1988). The presence of calcium fluoride deposits may also be limited. Under
optimum conditions, Koeser et al 2014, reported that coverage of no more than
40% of enamel surface can be achieved (Koeser et al. 2014). Furthermore
retention of these precipitates is unlikely during repeated or severe erosive
challenges possibly due to dilution or mechanical wear (Ganss et al. 2007; Austin et
al. 2011; Austin et al. 2014). In addition, it has been recognised that once
demineralisation has occurred it is very difficult to remineralise completely (Lussi
et al. 2014). Theoretically, provided loss of the hydroxyapatite crystal scaffold has
not occurred, ionic bonds may reform with minerals and ions present in the
immediate environment. Fluoride application following an erosive challenge has
been found to result in rehardening, as tested through hardness measurements

(Huysmans et al. 2014).

There are those who believe that fluoride does not have a protective role in erosive
tooth wear (ten Cate et al. 1998; Larsen and Richards 2002). A study by Larsen and
Richards with the title “Fluoride is unable to reduce dental erosion from soft
drinks” is frequently cited to augment the claim that fluoride cannot play a

protective role in erosive tooth wear (Larsen and Richards 2001). For this study,
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calcium fluoride salts were dissolved in erosive beverages and then two whole
teeth were agitated in the acidic solution for 48 hours. Microradiography was then
used to compare the erosive lesion depth against control beverages (n=2) without
the calcium fluoride precipitates. It is unsurprising, given the low sample size and

non-clinically relevant study design that no protective effect was observed.

There is evidence that the benefits of fluoride may be dose responsive (White et al.
2012). Additional use of fluoride mouthrinses in conjunction with the use of
fluoride toothpastes has been reported to increase both fluoride availability and
the level of fluoroapatite formation (Van Strijp et al. 1999). Increased levels of
protection have also been observed with increasing fluoride applications (Austin et
al. 2010; Maggio et al. 2010). High fluoride concentrations have also been observed
to reduce erosive wear. Pre-application of stannous and sodium solutions at
9,500ppm fluoride were unable to offer protection after 9 cycles of severe erosive
challenges (2 min 0.01M HCL, pH 2.2) whereas a protective effect was observed
with a sodium fluoride varnish at 42,500ppm fluoride (Austin et al. 2011).
However, this may also be due to the tribology at the dental surface and the
increased adherence of the varnish to the surface. A study investigating equal
concentrations of titanium fluoride varnish or solution prior to an erosive cycling
model, observed significantly decreased wear with the varnish compared to the

solution (Magalhaes et al. 2008).

Acidified fluoride has also been observed to result in decreased wear (Wiegand,
Magalhaes, et al. 2009). The low pH of the medium encourages low levels of
demineralisation of surface hydroxyapatite which facilitates the formation of

fluoroapatite on the surface (Attin et al. 1999; Larsen and Richards 2001).
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Few epidemiological studies have investigated the role of fluoride in the
prevention of erosive wear. A large study on 2,456 Irish adults observed no
significant relationship between exposure to water fluoridation and tooth wear
(Burke et al. 2010). This contrasted with an epidemiological study carried out in
the UK on 2,351 14 year olds where exposure to water fluoridation was associated
with less exposed dentine on buccal and palatal surfaces of assessed teeth. No
differences were observed for the occlusal/incisal surfaces. The same study
observed a protective effect when teeth were brushed with a fluoride toothpaste

twice daily (Bardsley et al. 2004).

There is difficulty in isolating the protective mechanism of action of fluorides as
erosion experiments often involve cycling of the fluoride and erosion. The
presence of calcium fluoride (CaFz) and sacrificial intraoral fluoride ions,
remineralisation of the eroded structure, or fluoroapatite formation inhibiting
demineralisation, all may occur in the cycling process. Reviews suggest that all
three mechanisms can be effective in mild erosive challenges, particularly when
paired with metal cations (Huysmans et al. 2014). However this role may be
limited under severe or repeated erosive challenges (Austin et al. 2010; Austin et
al. 2014; Ganss et al. 2015). The clinical relevance of the degree to which

remineralisation can occur is also under debate (Lussi et al. 2014).

1.2.3.1.2 Different types of fluoride
There is substantial laboratory evidence that metal cations, particularly stannous

fluoride and titanium tetrafluoride, can play a role in protection against erosive
wear (Wiegand, Bichsel, et al. 2009; Stenhagen et al. 2013). Recent literature has
focused on the stannous ion (Huysmans et al. 2014). In contrast to the monovalent

sodium cation which is incapable of forming complex deposits, pre-treatment with
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stannous fluoride (Schlueter, Klimek, et al. 2009b) and titanium tetrafluoride
(Magalhaes et al. 2008) can form layers of metal deposits on the surface of enamel
in the laboratory. This may act as a physical barrier inhibiting acid contact

(Schlueter, Klimek, et al. 2009b).

The increased focus on stannous fluoride in erosive wear research is
predominantly due to two factors. Stannous fluoride formulations require a native
acidic pH as neutral solutions are not stable (Faller et al. 2014). Similar to the
mechanism of action of acidified gels, this releases ions from the dental surface
allowing penetration of the fluoride ion and formation of fluoroapatite (Schlueter,
Klimek, et al. 2009b). The stannous ion also has the same valency of the calcium
ion and has been observed to directly remineralise hydroxyapatite structure
(Schlueter, Hardt, et al. 2009; Ganss, Hardt, et al. 2010). One in vitro study
observed complete inhibition of enamel erosion when stannous fluoride was

applied immediately after a citric acid challenge (Ganss et al. 2008).

Amine fluoride has also been frequently investigated. Some studies have found it to
be more protective than sodium fluoride (Wiegand, Bichsel, et al. 2009) with
others observing it to have similar protective effects (Ganss et al. 2008; Faller et al.
2014). The calcium ion has also been investigated in an attempt to reduce erosive
tooth wear. A recent study observed that although remineralisation of enamel
occurred more rapidly with a sodium fluoride dentifrice, enamel remineralised
with calcium was less susceptible to further demineralisation (Pignatelli et al.
2016). Other authors have reported that calcium products also showed
remineralising potential (Ranjitkar et al. 2009; Carvalho et al. 2013) with an

enhanced effect when combined with fluoride (Srinivasan et al. 2010). In contrast,
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some authors failed to observe protective benefits with the calcium ion over a

negative control (Wegehaupt and Attin 2010; Wiegand and Attin 2014).

These studies rely on the assumption that polished and flat enamel surfaces
respond to acids in a similar way to natural surfaces either in the laboratory or
clinically. To date there is little information to understand how fluoride responds

to erosion on natural tooth surfaces and more work is needed in this area.

1.2.3.1.3 Timing of fluoride application
The ideal timing of fluoride application essentially questions whether the fluoride

compound is more effective at preventing demineralisation (surface protection) or
encouraging remineralisation (surface re-hardening). The unique properties of
each fluoride may suggest that they may be optimally applied at different times in
relation to the acid challenge. Some authors have applied sodium fluoride before
the erosive challenge and found little to no effect (Wiegand, Bichsel, et al. 2009;
Hystad Hove et al. 2014). Whereas other authors have applied sodium fluoride
after erosion and found a protective effect (Comar et al. 2012; Mathews et al.

2012).

Only one study, to the authors knowledge, investigated the effects of rinsing before
an erosive challenge compared to rinsing after, using an amine fluoride solution
(Lussi, Jaeggi, Gerber, et al. 2004). Rinsing with amine fluoride after the erosive
challenge produced the least wear although it was observed that both did not
reduce subsequent toothbrush abrasion (Lussi, Jaeggi, Gerber, et al. 2004). This
may not be true for other metal ions with differing mechanisms of action. The
stannous ion shows promising results in the prevention of dental erosion, either

combined with fluoride or in the form of other stannous salts (Schlueter et al.
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2010). Interestingly, there are indications that stannous deposits are more stable
on dental surfaces than sodium fluoride deposits when facing an erosive challenge
(Khambe et al. 2014). The lower pH of stannous fluoride upon application may also
be more effective when placed into a neutral environment compared to sodium
fluoride which is more effective when acidified. Further research is required into
the optimal timing of fluoride application in the prevention of erosive tooth wear

progression.

1.2.3.2 Tooth brushing and erosive wear
The positive association between fluoride application and erosive tooth wear

becomes complicated when the abrasive wear action of tooth brushing is taken
into consideration. Tooth brushing in a neutral pH, with a normal brushing force
and a low abrasive toothpaste results in a negligible amount of wear (Wiegand et
al. 2007). However toothpastes with high relative dentine abrasivity/relative
enamel abrasivity (RDA/REA) can produce substantial wear (Joiner et al. 2004).
Filament stiffness has also been implicated with recent studies observing soft
toothbrushes to retain dentifrice and as a result, increase abrasive wear (Bizhang
et al. 2016). The pathological interaction between erosion and abrasion is
particularly synergistic as softened dental tissues are susceptible to mechanical
forces (Mair 2000). This has led to ambiguity regarding the ideal timing of tooth

brushing in relation to an acidic challenge.
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1.2.3.2.1 Timing of toothbrushing and salivary remineralisation
As discussed in section 1.3.2, saliva has been thought to remineralise eroded

enamel. It has been hypothesised that allowing a period of salivary
remineralisation following an erosive challenge will reduce susceptibility to tooth
brush abrasion (Jaeggi and Lussi 1999; Amaechi and Higham 2001; Attin et al.
2001). Subsequent recommendations to delay tooth brushing for periods of up to
one hour after eating are based upon relatively old laboratory investigations.
Jaeggi & Lussi 1999 observed statistically reduced abrasive wear in situ when
eroded specimens were retained in the mouth for one hour prior to brushing
(Jaeggi and Lussi 1999). Attin et al. subjected specimens to mild erosive challenges
in vitro (Attin et al. 2000) and in situ (Attin et al. 2001), performing abrasion at
various intervals. The authors observed a linear relationship between
remineralisation period and reduced abrasive wear. Figure 3 compares the data
from the experiments. Although different cycling regimes were observed (the in
vitro trial consisted of 10 cycles of 60 s exposures to Sprite light and artificial
saliva with no proteins, compared to the in situ with 21 days of erosive cycling
with 90 s exposures to Sprite light), relatively small effect sizes were observed

with large standard deviations, particularly in situ.

Figure 3: Profilometric data from experiments performed by Attin et al. 2000 and Attin et al. 2001

Remineralisation Profilometric loss in vitro Profilometric loss in situ
Period (Attin et al. 2000) (Attin et al. 2001)

0 min 5.16%£1.26 um 6.78 + 2.71 um

10 min 2.47+0.68 um 5.47 + 3.39 um

60 min 1.72+0.75 pm 478 + 2.57 um

No abrasion 0.81£0.23 um 0.66 + 1.11 um
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The authors suggested that clinical erosive wear could be limited by observing a
waiting period after an erosive challenge. However, recent studies have observed
no statistical reduction in erosive/abrasive wear after 2 hours in situ (Ganss,
Schlueter, et al. 2007) and 4 hours in situ (Lussi et al. 2014). These authors advised

reconsideration of guidelines to wait for one hour after brushing.

Two studies to the author’s knowledge have compared brushing before an erosive
challenge to brushing after an erosive challenge in situ. Wiegand et al. 2008
prepared both enamel and dentine specimens which were then either brushed,
exposed to saliva for 5 minutes and then eroded or, for the second group, eroded,
exposed to saliva for 5 minutes and brushed. Brushing before the erosive challenge
resulted in less tooth wear (Wiegand et al. 2008). Unfortunately flaws in the
experiment design render it difficult to gauge whether the protective effect was a
result of the acquired pellicle, which was only present in the first group, or the
timing of brushing. There was also no fluoride application in the experimental
design. Ganss et al 2007 observed no statistical difference in wear, when enamel
specimens were brushed before or immediately after an erosive challenge in the
presence of a salivary pellicle. Again, there was no fluoride application in this part

of the in situ study design (Ganss et al. 2007).

1.2.3.2.2 Timing of toothbrushing and fluoride therapy
This relationship is complicated further when the protective role of fluoride is

taken into consideration. One must consider whether the benefits of fluoride
application when brushing outweigh the risks of abrasive wear. One cross-over in

situ study lasting 5 days, observed that brushing with a stannous fluoride
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toothpaste immediately after an erosive challenge was not statistically different
from erosion only with no abrasion (Ganss, Schlueter, et al. 2007). Another study
investigating application of toothpaste slurries before an erosive challenge
compared to application of the slurries after observed that application of
toothpastes before the erosive challenge resulted in less surface hardness change
with no differences between the different tooth paste formulations (Lussi et al.

2008). However there was no abrasive element to this study design.

An unusual in situ study design asked participants to brush their teeth prior to
inserting eroded specimens to assess the remineralisation potential of intraoral
fluoride reservoirs from brushing (Magalhaes et al.). No statistical differences were
noted in those who had brushed their teeth prior to specimen insertion compared

to those that had not.

Again, there is a paucity of epidemiological studies investigating the relationship
between timing of toothbrushing in relation to mealtimes and erosive wear. One
large multi-centre epidemiological study on 3,187 participants observed no
relationship between erosive wear and brushing teeth immediately after breakfast.
In contrast, an increased relationship with tooth wear was observed when tooth
brushing was delayed by up to 44 minutes (OR up to 1.41 [95% CI 1.07-1.86])
(Bartlett et al. 2013). Based upon these findings, the authors advised that dentists

should not advise patents to delay brushing after breakfast.

Multiple studies have investigated the relationship between frequency of tooth
brushing and erosive wear. Although there have been studies that have reported
increased erosive wear with increased frequency of brushing (Lussi and Schaffner

2000; Alvarez Loureiro et al. 2015), other studies have shown increased risk when
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brushing was performed less than twice daily (Mulic et al. 2012; Hasselkvist et al.
2014; Zhang et al. 2015; Sovik et al. 2015; Teixeira et al. 2016). This again may be
due to the protective action of fluoride (Bardsley et al. 2004). Relatively little is
known about the clinical impact of brushing immediately after an erosive

challenge.

1.3 DIET ASSESSMENT, ADVICE AND BEHAVIOUR CHANGE IN A CLINICAL SETTING

1.3.1 ASSESSING THE DIET
1.3.1.1 Dietary assessment methods
Diet records, 24-hour recall and food frequency questionnaires (FFQ’s) are the

most common forms of dietary assessment for epidemiological studies (Shim et al.
2014). Diet records involve recording each food item prior to consumption over a
given time period, typically 3-5 days. This minimises reliance on the respondents’
memory however it requires continuous motivation of the participant. In addition,
participants have been observed to alter their diet intentionally during the period
of observation or deliberately not report intakes (Margetts and Nelson 1997). 24-
hour recall is when the interviewer asks the respondent to remember in detail
everything consumed in the previous 24 hours. It relies on accurate memory of
intake and may be helped by the interviewer prompting the respondent to
remember eating and drinking episodes by time periods e.g. breakfast, mid-
morning snack (Shim et al. 2014). The primary limitation is that recording
consumption for a single day is seldom representative of individuals intake (Cade

etal. 2002).

Both of these methods focus on short term intake as opposed to long term
exposure although it is accepted that one is moderately correlated with the other

(Margetts and Nelson 1997). FFQ’s ask the respondent how often they consume
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items over a defined period. They predominantly consist of lists of food/beverages
and a selection of options relating to frequency. FFQ’s are designed to capture
habitual intake and collect information from large levels of respondents. Many
FFQ’s attempt to collect information about portion size or quantity and may be
referred to as semi-quantitative FFQ'’s (Shim et al. 2014). Typically FFQ’s measure
intake by assigning a single daily intake as the baseline and evaluate less frequent
or more frequent intakes as proportions of this. For example a single intake once a
week would be 0.14 or one seventh of an intake, an intake twice a week would be
0.29 or two sevenths of an intake (Okunseri et al. 2015). FFQ’s have been observed
to be relatively poor at detecting weak associations, tend to be less specific and
may have greater measurement error (Schatzkin et al. 2003). However, there is
evidence to suggest that, provided they are sufficiently validated and specific to the
item of interest, they can accurately measure the area of interest (Cade et al. 2004;
Subar 2004). Food frequency questionnaires have been commonly used in erosion
and caries research (Mulic et al. 2012; Bartlett et al. 2013; Hasselkvist et al. 2016).
Diet records incorporating a weekend have also been recommended to estimate
the daily acid challenge (Lussi and Hellwig 2014). No method is ideal; all are an

estimation of the diet and all are subject to bias.

1.3.1.2 Limitations of dietary assessment
Reporting error is introduced when individuals are relied on to accurately and

honestly report intake (Wireden et al. 2003). The foods standards agency (FSA) in
Scotland investigated the problem of underreporting in dietary assessment
methodology (Wireden et al. 2003). When reviewing the literature, it was
observed the two types of bias to be introduced were observer bias (participants

changing eating behaviour as they knew they were being observed) and
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misreporting their eating behaviour, particularly with “socially undesirable”

foods/beverages.

Diet also changes over time and eating habits reported now are not always
indicative of past dietary history. This is particularly relevant for dental erosion as
it is very difficult to gauge periods of active disease from inactive disease (Bartlett
2003). One erosion study attempted to include any changes that had occurred over
a two month period (Bartlett, Fares, et al. 2011). The authors concluded that the
time interval was too short and no statistical differences were observed. In
contrast, relying on memory to accurately assess participants past intake after a
change in diet has occurred is difficult (Margetts and Nelson 1997). There is
evidence however, to suggest that data obtained from episodic recall (recall of
frequency of a behaviour that was performed on a regular basis for a prolonged

period of time) is more reliable (Menon 1993).

1.3.1.3 Interviewer-led questionnaires vs. self-completed questionnaires
There is a capacity to reduce bias through the mode of questionnaire

administration which can directly impact on the quality of the data (Bowling
2005). The majority of dietary questionnaires typically used in erosion studies
have been self-administered questionnaires (Dugmore and Rock 2004a; El Aidi et
al. 2011; Bartlett et al. 2013). Self-administered questionnaires have advantages;
they are cheaper and as a result, have potential to be given to a greater number of
participants. They also have less potential for social desirability bias and
participants may be more willing to disclose sensitive information (Bowling 2005).
However, the multi-factorial nature of erosive tooth wear poses challenges when
attempting to capture a comprehensive risk pattern from a patient. It is important

that the participant fully understands the questions being asked, is able to clarify
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what aspects of the diet are acidic and can report fully on each risk factor. Self-
administered questionnaires also do not allow the freedom to confirm the answers
of the respondents and give clarification to respondents. A meta-analysis reported
that a greater amount of information was given by respondents in a face-to-face
interview (De Leeuw and Van der Zouwen 1988). They observed that a motivated
interviewer could increase question response rates, maintain motivation with
more difficult questions, probe for responses, clarify ambiguous questions on the
spot, aid with recall of events and behaviour and ensure mutual understanding of
the question and answer had occurred (De Leeuw and Van der Zouwen 1988). The
use of interviewers also allows for immediate checking by the interviewer of
improbable or unlikely responses. The ability to add open-ended questions can
increase the amount of information collected and the questionnaire can be applied

to a diverse group with a range of eating/drinking habits (Cade et al. 2002).

Disadvantages of interviewer-led questionnaires include the need for interviewer
standardisation and increased cost. Social desirability bias is also increased
through the presence of an interviewer (Schnell and Kreuter 2005). This can be
enhanced in a clinical setting whereby there are obvious interviewer
characteristics, i.e. a dental professional, and often a clear, socially desirable
answer (Tourangeau and Yan 2007). Factual items, non-sensitive items, easily
comprehended items and closed-question items have all been shown to be less
vulnerable to interviewer effects (Schnell and Kreuter 2005; Tourangeau and Yan
2007). Interviewer effects can be reduced if the interviewer has received good

training and with the use of a standardized procedure including neutral wording,
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neutral probing and a non-judgemental repertoire (Schnell and Kreuter 2005;
Tourangeau and Yan 2007).
1.3.2 PROVIDING DIETARY ADVICE

1.3.2.1 Current dietary advice targeting erosive tooth wear
The first comprehensive published preventive guidelines to prevent dental erosion

were based upon theoretical laboratory mechanisms (Imfeld 1996b). As our
knowledge of the pathological process of erosive tooth wear increases many
recommendations are undergoing academic debate. For example, Imfeld
recommended rinsing with water after acid consumption. To the author’s
knowledge, no studies have observed a protective effect with rinsing with water. In
contrast, this may increase the erosive wear process by disrupting the equilibrium
present on teeth and clearing remineralising ions from the oral environment
(Mistry et al. 2015). Imfeld also recommended a soft or medium toothbrush to be
used by the patient. However, recent scientific reports suggest they may be
associated with increased abrasive wear (Bizhang et al. 2016). Furthermore,
Imfeld recommended that occlusal restorations be placed to prevent the loss of the
occlusal vertical dimension. Recent guidelines suggest delaying treatment until the

underlying cause is addressed (Bartlett et al. 2008).

Figure 4 reports two examples, one with a dietician as a co-author (Auad and
Moynihan 2007) and the other, written by experts in the field of erosion (Lussi,

Jaeggi, and Zero 2004).
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Figure 4: Table comparing dental dietary advice provided by a dietician and dental erosion experts.

Auad & Moynihan 2007

Lussi et al. 2004

o Reduce the
amount of consumption of acidic
drinks and foods, and especially
discourage the consumption of acidic
drinks at bedtime.

frequency and

o Encourage the consumption of
water and nutritious beverages such as
milk, and also the consumption of fresh
fruits, when part of a healthy and
diet. Recommend the
consumption of a neutralizing food,
such as cheese, after the intake of an
acidic drink or food.

balanced

o Recommend that acidic drinks
not be added to infant feeding bottles.

o Suggest that if soft drinks are
consumed, they should preferably be
chilled, consumed in one sitting, and
limited to mealtimes.

o Discourage the consumption of

acidic sweets, especially between

meals.

e Reduce acid exposure by
reducing the frequency (main meals
only), and contact time of acids. Do
not hold or swish drinks in your

mouth.

e  Finish meal with something (rich
in Ca?*/P043) ‘neutralising’ acidic
food such as cheese. After acid intake
stimulate saliva flow with chewing
gum.

e Avoid toothbrushing
immediately after acid intake. Instead,
rinse  with fluoride containing

mouthrinse or with water.

e  Apply fluoride before the erosive
challenge Use high concentrated
topical fluoride periodically.

Overall, there is no one clear consensus on preventive advice. Some experts offer

advice targeting all aspects of erosive wear (Bartlett 2005) and others are

specifically targeted at the diet (Lussi, Jaeggi, and Zero 2004; Auad and Moynihan

2007). These reviews/opinion articles convey similar messages to reduce

frequency of acid consumption, limit dietary acids to mealtimes/consume

alongside a neutralising food and to use fluoride oral hygiene products. Advice

regarding timing of brushing in relation to acid intake is ambiguous. Although the
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underlying theory is sound, few of these recommendations, apart from reducing
acid consumption and the daily use of fluoride products, are supported by robust

clinical data.

1.3.2.2 Diet advice and behaviour change
When dietary advice is provided, it may not be effective at inducing a behaviour

change (Ashenden et al. 1997). One longitudinal study investigating tooth wear
progression over 6 years observed that dietary behaviour had not changed despite
being provided with “extensive dietary counselling” (Lussi and Schaffner 2000). A
Cochrane review investigating dietary advice provision in dental practice
suggested there is evidence, albeit limited, that one-to-one dietary advice
interventions can change behaviour (Harris et al. 2012). The authors reported a
positive association between diet advice and behaviour change. The evidence was
classified as weak, due to the lack of well-designed reported studies. The authors
also noted that no studies meeting the inclusion criteria investigated dietary

erosive wear.

Harris et al described three different types of dietary advice in the literature

(Harris et al. 2012).

1. Health education: educating patients to change their knowledge.

2. Health advice: giving health advice and supporting lifestyle change.

3. Undertaking behavioural interventions: using behavioural strategies,
specifying the changes to be made, relapse prevention, identifying barriers

to change etc.

There has been a recent drive to look at behavioural interventions to address the

seeming gap between advice and adherence to advice (Watt et al. 2003; Michie et
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al. 2013). A systematic review observed that behaviour change interventions tend
to be more successful when established behaviour change techniques are utilised
compared to dietary advice alone (Greaves et al. 2011). This was independent of
the intervention provider, the setting of the intervention or the study population
(Greaves et al. 2011). For dietary advice to result in a behaviour change, the advice
needs to be specific, the patient needs to recall the advice at the appropriate time,
following which, the patient needs to act on the advice (Watt et al. 2003). The
COM-B model, adapted from Michie et al. (Michie et al. 2015), was proposed by
Asimakopoulou and Newton as a tool to help choose effective behaviour change

techniques within a dental setting (Asimakopoulou and Newton 2015).

Figure 5: COM-B Model proposed by Asimakopoulou and Newton 2015 for use within a dental setting.

Capability

/—

E- 1

This model is based upon the principle that in order to achieve behaviour change,
the person must have the capability to perform the behaviour change (i.e. the
knowledge and skills necessary), the opportunity to change (i.e. the environmental
context and resources available are suitable) and the motivation to change
(positive intentions and beliefs). Once the areas to target have been identified, a

behaviour change technique can then be more effectively chosen. Figure 6 reports
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a summarised list compiled by Asimakopoulou and Newton 2015 adapted from

Michie et al. 2015)

Figure 6: Summary of behaviour change techniques with examples (Asimakopoulou & Newton 2015)

Behaviour change technique

cluster Examples of specific techniques defining the cluster

1. Scheduled consequences Punishment, extinction, shaping, negative reinforcement and differential
reinforcement

2. Reward and threat Social, material or self-reward, nonspecific reward, anticipation of future
rewards or removal of punishment and threat

3. Repetition and substitution Habit reversal or formation, graded tasks and behavioural rehearsal / practice

4. Antecedents Restructuring the physical or social environment, avoidance or changing
exposure to cues for the behaviour

5. Associations Classical conditioning, cues and discriminative cue

6. Covert learning Vicarious reinforcement and covert conditioning

7. Natural consequences Health, social, emotional consequences and salience of consequences

8. Feedback and monitoring Biofeedback, feedback on behaviour and self-monitoring of behaviour

9. Goals and planning ' Action planning, problem/coping planning goal setting, behavioural contract,
review behaviour or outcome goal

10. Social support Practical, general and emotional social support

11. Comparison of behaviour Modelling, social comparison and information about others’ approval

12. Self-belief Focus on past successes and mental rehearsal of successful performance

13. Comparison of outcomes Pros and cons, persuasive argument, comparative imagining of future outcomes

14. Identity Self-affirmation, identification of self as role model, cognitive dissonance and
reframing

15. Shaping knowledge Behavioural experiments, antecedents and reattribution,

16. Regulation Regulate negative emotions, pharmacological support and conserving mental
resources

While motivation may be important when setting a goal, other factors may be more
important when adhering to the targeted behaviour (Gollwitzer and Sheeran
2006). One study assessed adherence to flossing behaviour, recording baseline
levels of motivation after a self-monitoring behaviour change intervention was
performed. Those that self-monitored were observed to have reduced plaque
scores and bleeding scores compared to those that did not receive the
intervention, regardless of motivational stage (Suresh et al. 2012). This was
supported by a meta-analysis which observed that opportunity related factors,
specifically heightened accessibility of the opportunity and a strong response link
to it, were observed to have the strongest association with behaviour change
rather than level of deliberation (Webb and Sheeran 2008). A meta-analysis

investigating different interventions in health-related behaviours identified
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implementation planning as a promising behaviour change technique (Gollwitzer
and Sheeran 2006). Implementation planning is the process of planning the
intended behaviour in advance while anticipating obstacles/barriers. One form of
this is “if-then planning” which aims to prompt the patient with a situational cue
reminding them of their new intention. For example, “if [ want to go outside for a
cigarette then [ will go for a walk instead” (an if-then plan). This method, applied
within a dental setting, has been observed to statistically improve flossing
behaviours compared to flossing advice alone (Schiiz et al. 2006; Schiiz et al.
2009). Outside of dentistry, this method has been successfully used to increase
physical activity in the obese (Olander et al. 2013) and elderly (French et al. 2014).
Although there is insufficient evidence to recommend that they be applied
routinely (Werner et al. 2016), behavioural change techniques show promise to be
applied within a dental clinical setting (Asimakopoulou and Newton 2015). The
lack of rigorous, well-designed behavioural intervention research represents a
barrier to research in this field (Lorencatto et al. 2013) and multiple reviews have
called for higher quality research investigating behavioural interventions within a
dental setting (Renz et al. 2007; Harris et al. 2012; Adair et al. 2013; Newton and

Asimakopoulou 2015; Werner et al. 2016).
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1.4 MEASURING EROSIVE TOOTH WEAR

1.4.1 CLINICAL INDICES
There are a multitude of indices reported in the literature aiming to assess erosive

tooth wear (Bardsley 2008). Figure 7 provides a brief overview. Eccles first
proposed an index to assess erosion of non-industrial origin in 1979 (Eccles 1979).
Although the actual index itself is quite brief, the descriptions given in the text are
relatively complicated and focused solely on dental erosion. Smith and Knight
proposed the Tooth Wear Index (TWI) in 1984, increasing the detail on different
dental surfaces and grading tooth wear regardless of aetiology. This index and
subsequent modifications have been the most commonly used tooth wear index in
epidemiological studies (Dugmore and Rock 2003b; Bartlett, Fares, et al. 2011;
Okunseri et al. 2015). Intra- and inter- examiner reproducibility were within
acceptable ranges for epidemiological purposes, despite some authors arguing that
the level of detail resulted in poorer inter-examiner correlations and time-
consuming examinations (Larsen et al. 2000). In contrast, Donachie and Walls
recommended an increase in detail and number of classifications after criticising
the index for being too insensitive for an aging population and unable to
distinguish between pathological and physiological wear in the elderly (Donachie

and Walls 1996).

Lussi recommended simplifying the index in 1996, classifying wear by level of
dentine exposure (Lussi 1996). However, this was criticised as erosive wear can be
quite severe without penetrating into dentine (Ganss and Lussi 2008).
Furthermore, a laboratory study observed that clinical diagnosis of dentine

exposure may not be a reflection of the histological diagnosis (Ganss et al. 2006).

54



The Basic Erosive Wear Examination (BEWE) was developed by expert consensus
in 2008 (Bartlett et al. 2008) and appears to be increasingly adopted (Bartlett
2016a). It is a simple scoring system quantifying the size of erosive lesions as a
percentage of the surface affected. It does not distinguish between enamel and
dentine although it does highlight that in scores 2 and 3 dentine is often involved.
The paper also advocated summing the maximum score in each sextant to assess
treatment need. However, this score is not scientifically validated and is based
upon expert opinion of one clinician (Bartlett et al. 2008). Full mouth scores must
also be interpreted with caution as there is potential to mask localised areas of
severe tooth wear. Investigations comparing the different indices as a screening
tool have reported satisfactory examiner reliability with the BEWE (Mulic et al.
2010; Margaritis et al. 2011; Dixon et al. 2012). There remains a conflict between a
useful and practical index for epidemiological studies and a clinical index to
measure tooth wear progression (Ganss and Lussi 2008). The Exact Tooth Wear
Index was designed to provide a more sensitive index to monitor progression
(Fares et al. 2009) with five grades of wear for each of enamel and dentine. All
teeth are graded by percentage of the surface area affected by erosion at 10%, 33%
and 66% levels. This index was used by Harding et al. in their longitudinal study on
123 children (Harding et al. 2010) and Bartlett et al. in a study on 1,010 university
students (Bartlett, Fares, et al. 2011). However it has not been widely utilised by
other research groups. A recent meta-analysis reported that erosion prevalence
rates could vary depending on the detail of the index used (Salas et al. 2014).
Whereas some indices may be highly sensitive at measuring the
incidence/prevalence of erosive tooth wear with good inter-examiner reliability,
others may not be sufficiently detailed to monitor progression as discussed in the

following section.
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Figure 7: Simplified versions of commonly used indices for comparability

Eccles index 1979

Smith and Knight Tooth Wear
Index (TWI) 1984

Lussi Index 1996

Basic Erosive Wear
Examination (BEWE) 2008

No loss of enamel surface
characteristics or contour

No erosion, smooth, silky-
shining appearance,
absence of developmental
ridges possible

No erosive tooth wear

Superficial lesions - involving
enamel only

Loss of enamel characteristics
Loss of contour cervically

Loss of surface enamel but
no dentine exposure, width
of lesion exceeds its depth

Initial loss of surface
texture

Localised lesions - dentine
exposure <1/3 of surface

Dentine exposure <1/3 of
surface.

Mild dentine exposure incisally.
Cervical lesion <1mm deep

Dentine exposed < 50% of
surface

Distinct defect, hard tissue
loss <50% of surface area

Generalised lesions - dentine
exposure >1/3 of surface

a) Facial surfaces

b) Lingual and palatal surfaces
c) Incisal and occlusal surfaces
d) Severe multi-surface
involvement

Dentine exposure >1/3 on

occlusal/buccal/lingual surfaces.

Loss of enamel and substantial
loss of dentine incisally.
Cervical defect 1-2mm deep

Dentine exposed >50% of
surface

Hard tissue loss >50% of
surface area

Complete enamel loss, pulp
exposure or secondary dentine
exposure
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1.4.2 LONGITUDINAL SUBJECTIVE MEASUREMENT OF TOOTH WEAR
Subjective longitudinal measuring of erosive tooth wear has been attempted using

clinical indices alone (Dugmore and Rock 2003b) or with the use of study casts
(Ganss et al. 2001). Comparing study casts taken at separate intervals over time is
often recommended as a method to monitor progression of erosive wear clinically
(Bartlett et al. 2008). The advantage of using casts is evaluation can be performed
repeatedly, by multiple examiners, under ideal viewing conditions and with
assessment of the occlusal relationship if necessary. Although this form of
monitoring is very accessible it relies on long term collaboration between the
patient and their dentist, is highly subjective and cannot monitor progression over
a short period of time. Furthermore, a compliance rate of 34% was reported in an
audit of GDP’s who were recommended by restorative consultants to take study
casts to monitor wear (Bartlett et al. 2005). There are also limitations to
assessment on study models. The optical properties and surface characteristics of
enamel cannot be assessed which makes the diagnosis of early smooth surface
lesions difficult (Johansson et al. 2002). The exposure of dentine, an important
assessment criteria for many of the clinical indices, cannot be accurately assessed
on study casts (Johansson et al. 1993; Larsen et al. 2000). Inter- and intra-
examiner reliability tend to be higher when a clinical assessment is performed as
opposed to assessment on study casts (Wetselaar et al. 2009; Mulic et al. 2010;
Hove et al. 2013). Authors have argued that clinical photographs have the same
level of accuracy at detecting tooth wear as study models (Larsen et al. 2000; Mulic
etal. 2010; Hove et al. 2013) although no longitudinal studies utilising this method

have been done to date.
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Orthodontic casts have been used to assess tooth wear over longer time periods up
to 20 years (Knight et al. 1997). The main limitation of this technique is that the
aetiology cannot be reported in conjunction with progression. Ganss et al. 2001
followed 265 participants over 5 years observing statistical changes over that
period (Ganss et al. 2001). Vervoorn-Vis et al. assessed the orthodontic study casts
of 40 patients at three time intervals over 9 years and were able to detect
significant differences at 4 and 5 year intervals (Vervoorn-Vis et al. 2015). Both
authors concluded that given the slow rate of tooth wear, monitoring with study

casts should be done over equivalent time periods of 4-5 years.

Furthermore, the sensitivity of clinical monitoring over short periods has yet to be
established. Direct comparisons between studies are difficult as different indices
are more sensitive than others. For instance, the Smith and Knight index calculates
wear at the 33% and 66% levels whilst the BEWE is at 50% and the latter does not
assess dentine exposure. Despite this, clinical examinations using indices may be
more sensitive when measuring wear progression over a shorter period than
evaluation of study casts. El Aidi was able to observe statistical differences at 18
months using indices clinically (Aidi et al. 2011) whereas Johansson et al. 1993
was unable to det