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Preface 

This thesis has been completed and submitted to fulfil the research component of the 
degree of Doctor of Clinical Dentistry. The thesis documents research conducted at the 
Department of Oral Sciences, Discipline of Orthodontics, University of Otago, New 
Zealand. It contains work carried out between January 2018 and August 2020.  

The thesis is presented in a manuscript-based (hybrid) style and consist of four chapters. 
Chapters 2 and 3 have been written in paper format with the intention of future 
publication. Chapter 1 is an over-arching, unifying introduction to the thesis as a whole. It 
embodies a literature review outlining the current knowledge surrounding subject areas 
relevant to this study. Chapters 2 and 3 consist of the ex vivo and in vivo studies, respectively. 
Chapter 4 is a general discussion and summary of the findings from this work. 

The research presented investigates a novel biofilm management tool for orthodontic 
patients. This research is highly relevant to clinical orthodontics, which is the field in which 
I hope to spend the majority of my working life. The basis for this research originally 
stemmed from my firm belief that prevention is always better than a cure.  

Thank you for taking the time to read my work. 
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1.1 Introduction 

As modern society continues to place increasing importance and value on facial aesthetics, 
the uptake of orthodontic care continues to rise (Cunningham 1999; Marriott et al. 2001). 
The most common orthodontic treatment modality – fixed orthodontic appliances – have 
been found to accumulate and promote plaque retention (Freitas et al. 2014). An overall 
increase in plaque is attributed to an increase in the complexity of cleaning and the greater 
surface area for microorganisms to adhere to (Ren et al. 2014). Plaque is an essential 
component in the most prevalent oral disease processes of gingivitis and dental caries. The 
outcome of gingivitis and dental caries undermines the benefit-to-risk ratio of orthodontic 
treatment. Gingivitis and dental caries are both preventable, yet their prevalence still 
remains high for patients with fixed orthodontic appliances (Lovrov et al. 2007).  

Accumulation of biofilm on the teeth (dental plaque) is a key element in the aetiology of 
periodontal inflammation. Prevention of periodontal damage is reliant on regular biofilm 
removal. Transient inflammation of the gingiva frequently accompanies orthodontic 
treatment but is usually reversible and rarely progresses to periodontal disease (Pihlstrom 
et al. 2005). There are a number of patient factors that modify the extent of gingival 
inflammation and the likelihood of progression to periodontitis if oral hygiene is not 
improved. Hormonal changes during puberty have been associated with both acute and 
chronic gingivitis (Pihlstrom et al. 2005). Given the vast majority of patients with fixed 
appliances for orthodontic treatment are teenaged (Huang et al. 2004) (Yen Tan et al. 
2019), this reinforces the need for exceptional plaque control during orthodontic 
treatment.  

Dental caries left unchecked can have a devastating effect on oral health and on a patient’s 
quality of life (Foster Page et al. 2012). Dental caries of the enamel typically first presents 
as a white-spot. As a result of mineral loss in the enamel, a colour change is evident which 
can be detected clinically. This clinical change is referred to as a white-spot lesion (WSL). 
Without adequate plaque control and intervention WSLs can progress to larger carious 
lesions involving the underlying dentine and deeper pulpal tissues. 

Mechanical removal of the causative biofilm remains the most effective measure of 
prevention against gingivitis and caries (Chambers et al. 2013). Specialised orthodontic 
cleaning equipment and techniques have been developed and have improved patient self-
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cleaning around orthodontic brackets (Pithon et al. 2017). Such cleaning adjuncts include, 
traditional interproximal cleaning sticks (Siwak or Miswak) (Al-Teen et al. 2006); 
orthodontic toothbrushes (curved-bristle, sonic, triple-headed etc); dental water jets 
(Water PikTM), and electric flossing devices (FlosserTM) (Goh and Doubleday 2018). The 
major drawback with all of these techniques is that they rely on patient compliance at 
home. Therefore, there is a need for an effective clinic-based technique that can be 
employed by the clinician for non-compliant patients thus overcoming the limitations of 
ineffective home care. 

1.2 Dental biofilm  

In their simplest form, bacteria can exist solitarily as isolated single-cell microorganisms. In 
this state they are referred to as being planktonic. With the majority of bacteria being non-
motile, their sessility means their movement is affected by their environment (Berlanga and 
Guerrero 2016). In order to overcome detrimental movement in fluid environments, many 
bacteria adhere together and to surfaces to form a multicellular population, known as a 
biofilm. A biofilm is defined as “an assemblage of microbial cells that is irreversibly associated 
(not removed by gentle rinsing) with a surface and enclosed in a matrix of primarily 
polysaccharide material” (Donlan 2002). Existence in a biofilm confers numerous 
advantages over a planktonic state, such as physical defense from: external adverse 
environmental conditions; competing microorganisms or host cells; and damaging 
molecules including antimicrobial drugs.  

A biofilm has a coordinated structured architecture that enables its constituent 
microorganisms to exist with one another in a complex synergistic relationship. Exchange 
of genetic material, nutrients and metabolic products can occur between cells, as well as 
communication via quorum sensing (Donlan 2002). Dental plaque is a type of complex 
biofilm that contributes to several disease processes such as dental caries, which is the most 
common disease process in humans (Socransky and Haffajee 2002). An in-depth 
knowledge and understanding of dental plaque is essential when designing an effective 
intervention for its removal, and ultimately reducing the pathological impact of this 
ubiquitous biofilm disease.  
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1.3 Iatrogenic effects of fixed orthodontic appliances 

Orthodontic treatment with fixed appliances, akin to most medical interventions, is not 
devoid of iatrogenic effects. Fixed appliances make biofilm management more challenging 
for patient and clinician alike and increase the overall number of plaque and debris retentive 
sites within a patient’s mouth. Plaque accumulation and retention has short-term and long-
term sequelae for a patient’s oral health. An acute consequence of plaque retention is an 
inflammatory response in the gingival tissues. This condition is termed gingivitis and defined 
as inflammation of the gingiva without bone loss (Trombelli et al. 2018). Cross-sectional 
research indicates that the prevalence of gingivitis in orthodontic patients can be as high as 
100 percent, but is highly variable (Alexander 1991; Davies et al. 1991; Kloehn and Pfeifer 
1974; Zachrisson 1972). The chronic effect of plaque accumulation, in the presence of 
fermentable carbohydrates, on the hard tissues of the teeth is demineralisation and 
ultimately the formation of carious lesions. The reported prevalence of demineralisation 
varies greatly in the literature from as low as 25%, up to above 90% of all treated patients 
(Akin et al. 2015; Lovrov et al. 2007). The significant variation is due to the multifactorial 
nature of enamel demineralisation and thus its reported rate is highly influenced by the 
chosen cohort. 

1.3.1 Gingival inflammation 

Gingival inflammation during orthodontic treatment is usually a reversible condition with 
no permanent change to the periodontium. Prolonged inflammation as seen in periodontitis 
however, can result in irreversible change in the periodontal tissues. The amount of time 
required to transition from gingivitis to periodontitis is variable but invariably shortened in 
orthodontic patients. Therefore, the potential risk of permanent irreversible damage to the 
periodontium is a risk that should be considered for patients in long orthodontic 
treatments. It has been reported that approximately 10% of adolescents that have received 
orthodontic treatment did have considerable irreversible loss of periodontium (Zachrisson 
and Alnaes 1973). Fixed orthodontic appliances make oral hygiene procedures more 
complex and inhibit the natural oral cleaning mechanisms of the contacting mucosal 
surfaces and the tongue (Ogaard et al. 1988) and minimise tooth tissue contact with the 
protective effects of saliva. 
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Periodontopathic bacteria contain lipopolysaccharides (LPS) within the outer membrane 
of their cell wall. It is well established in the literature that these large molecules are key 
stimulants in evoking the cascade eventuating in the loss of periodontal tissue (Uriarte et 
al. 2016). Raised levels of LPS have been found in the gingival crevicular fluid of orthodontic 
patients (Knoernschild et al. 1999). Increased concentrations of LPS offers an explanation 
to the temporarily elevated levels of gingivitis and periodontitis seen in orthodontic patients. 
Additionally, LPS has also been shown to possess a high affinity for many commercially 
available orthodontic brackets (Knoernschild et al. 1999). Not only are orthodontic 
brackets providing an area where the bacteria are physically protected from mechanical 
debridement, but also are made from materials that possess stronger adherence qualities 
than natural tooth structure, further complicating plaque removal. 

1.3.2 Enamel demineralisation and white-spot lesions 

In orthodontic patients, the initial presentation of decalcification is evident as a WSL around 
the bonded brackets (Boersma et al. 2005). Demineralisation is still one of the main and 
arguably the most significant complications of orthodontic treatment (Lovrov et al. 2007). 
The incidence of WSLs amongst orthodontic patients has been reported up to 96% 
(Mitchell 1992). The functional and aesthetic benefits of orthodontic treatment are 
potentially nullified if significant demineralisation results as the teeth are structurally 
weakened and aesthetically displeasing. Orthodontically induced WSLs visually have a 
unique ‘picture frame’ pattern attributed to the square shape of the brackets (Figure 1). 
Initially, the loss of mineral under the surface of the enamel causes them to clinically appear 
a chalky white colour when dry. Later after lesion progression, they can be seen clinically 
even without drying of the teeth. The demineralised structure is less translucent and elicits 
poor white light transmission giving them their distinctive appearance (Bishara and Ostby 
2008).  
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Figure 1 Typical clinical appearance of orthodontic white-spot lesions 

Ironically, modified orthodontic bands have been used to produce an experimental model 
of an undisturbed biofilm in humans (Holmen et al. 1985). A space between the sacrificial 
teeth and the band is intentionally created to allow plaque to grow and cause 
demineralisation of the adjacent enamel surface. To uphold ethics, the banded teeth are 
often premolar teeth due to be extracted for orthodontic reasons. Once demineralised, 
they can be extracted and analysed through various methods in a laboratory. This model 
has proven valuable by allowing the study of the progressive stages of carious lesions in 

vivo. WSLs were found to develop within four weeks around orthodontic brackets 
(Holmen et al. 1985; Ogaard et al. 1988). Removal of fixed orthodontic appliances allows 
some remineralisation of WSLs to occur naturally (Heymann and Grauer 2013). However, 
a longitudinal study has shown that complete resolution of WSLs does not often occur 
(Shungin et al. 2010). In this study, a long follow-up period of 14 years has demonstrated 
that the majority of lesions present at debond, although decreased in their total surface 
area, did not completely resolve or disappear (Shungin et al. 2010). This study debunks the 
common assumption that these lesions merely fade over time and exemplifies that this is 
not a problem simply fixed by removal of fixed appliances. Maintenance of an immature 
non-pathogenic biofilm during and throughout any course of orthodontic treatment, and 
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subsequent prevention of WSLs altogether should be prioritised as a key treatment 
objective. 

1.3.3 Micro-ecology of dental biofilm 

The placement of fixed orthodontic appliances results in not only an increase in the amount 
of plaque, but also an ecological shift in the composition of the plaque (Lombardo et al. 
2013). Orthodontic brackets directly modify the oral environment within a patient’s mouth, 
and in turn select for a ‘different’ spectrum of bacteria to form within developing biofilms. 
The homeostatic balance found in health between commensal aerobic Gram-positive cocci 
and pathogenic anaerobic Gram-negative species is lost (Ahmed et al. 2019). The 
prevalence of known periodontopathic bacteria, such as Porphyromonas gingivalis, Prevotella 

intermedia and Fusobacterium species significantly increase in quantity tipping the balance in 
favour of pathogenesis (Liu et al. 2013). Studies have shown that the prevalence of 
cariogenic bacteria, such as Mutans Streptococci, are also increased in patients with fixed 
orthodontic appliances (Mulla et al. 2009).  

Remodelling of a patient’s biofilm ecology to the pre-treatment homeostatic composition 
takes approximately 12 weeks following removal of fixed orthodontic appliances 
(Morgenstern 2018).  A recent systematic review and meta-analysis concluded that the 
increase in pathogenic organisms whilst a patient has fixed appliances is only temporary 
(Guo et al. 2017). 

1.4 Clinical measurement of the iatrogenic effects of fixed 

appliances 

The sequelae of plaque accumulation during orthodontic treatment with fixed appliances 
can be broadly classified into acute or chronic outcomes. The amount of plaque build-up 
on the oral tissues and the resulting acute response of gingivitis, can be assessed in vivo 
through various clinical indices. As numerous indices have been developed, researchers 
must carefully consider the selection of an index that fulfils their specific requirements. An 
ideal index will possess many desirable attributes. It must be accurate and valid, measuring 
only what it is meant to measure. An index should be objective and free from subjective 
interpretation. It should be sensitive and able to detect even small degrees of change in the 
parameter of interest. Reliability and reproducibility is paramount, to eliminate intra- and 
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inter-examiner variability. Finally, it is beneficial if the index is also practical, simple to use 
and inexpensive (Carter and Barnes 1974).  

The chronic outcome of plaque accumulation on the dental hard tissues starts as 
demineralisation and transitions to cavitated carious lesions. Cavitation sits downstream on 
this chronological continuum and consequently is seen infrequently during a standard 
course of orthodontic treatment. Demineralisation is the more relevant chronic outcome 
to be assessed in orthodontic patients and can also be evaluated in vivo through various 
clinical indices. Advancements in technology have resulted in new equipment and modern 
methods of quantifying demineralisation. These new assessment tools offer advantages 
over the more traditional clinical indices. The decision of which index to use in a clinical 
trial is determined by the overall objectives of the study, its sample size, study duration and 
anticipated effect size (Quirynen et al. 1991).  

1.4.1 Gingival indices 

Gingival inflammation is the most acute response to biofilm formation that can be measured 
clinically. The third most frequently citied article within all of the dental literature to date, 
is the landmark paper by Löe, documenting a model of experimental gingivitis in man (Löe 
et al. 1965). It elegantly showed that localised gingivitis develops in only 4-11 days after 
cessation of cleaning and generalised gingivitis within 2-3 weeks (Löe et al. 1965). Therefore 
measurement of gingival inflammation only offers information on plaque management over 
a relatively short period of time. It enables indirect assessment of oral hygiene and plaque 
accumulation (Newbrun 1996).  

To evaluate gingival inflammation, various indices have been developed. The first gingival 
index systems developed include the P-M-A index (Schour and Massler 1949), Periodontal 
index (Russell 1956) and the Periodontal disease index (Ramfjord 1959). These have since 
been superseded and are rarely used by researchers in the present day. One of the earliest 
indices that is still in use is the Gingival index (GI) (Löe and Silness 1963). It was developed 
from a study investigating the oral hygiene status in a sample of pregnant women and used 
to correlate the level of inflammation seen in the gingival tissues to the participants’ oral 
hygiene. The index is long-standing as it allocates a grading based on the clinical 
presentation seen at different levels of gingival inflammation. The GI was modified in 1967 
to draw a distinction between mild (code 1) and moderate (code 2) levels of inflammation 
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(Löe 1967). A periodontal probe is used to confirm the absence or presence of crevicular 
bleeding and therefore more objectively differentiate between code 1 and code 2. 

Bleeding from the gingival sulcus precedes apparent inflammation (Muhlemann 1971). 
Knowing this, Carter and Barnes had concerns that most indices measured the clinical 
appearance of a tissue, and not the clinical signs which they felt would be a more objective 
indication of disease (Carter and Barnes 1974). Consequently, they later developed the 
Gingival bleeding index, which used insertion of unwaxed dental floss into the gingival sulcus 
to determine the presence or absence of gingival inflammation through subsequent 
bleeding. 

1.4.2 Plaque indices 

Dental plaque forms on the hard and soft tissues of the mouth. Accumulation of plaque 
on the soft tissues is limited, as they are a self-shedding surface, but on the hard tissues of 
the mouth, plaque build-up is significantly less restricted. Once developed on the hard 
tissues, plaque can be seen with the naked eye as a white coloured deposit. Detection and 
visualisation is the first essential step that must be taken if plaque is to be effectively 
quantified in vivo using clinical indices. To enhance the contrast between the white plaque 
and white teeth, various coloured disclosing agents can be applied. With greater colour 
contrast following disclosure; the distribution, depth, area and amount of plaque present, 
can be more objectively assessed (Sagel et al. 2000).  

One of the earliest plaque indices was actually part of a broader Index of periodontal status 
developed by the epidemiologist Ramfjord in 1959 (Ramfjord 1959). It was very 
rudimentary, applying a score from 0 to 3, for each individual tooth, according to the 
observed amount of stained plaque present. Shick and Ash, modified the plaque 
component of Ramfjord’s index for a trial that was assessing a new technique of 
toothbrushing (Shick and Ash Jr. 1961). Their concern with the Ramfjord index was its lack 
of sensitivity to record small differences between different brushing techniques. Their 
modification involved scoring of both the facial and lingual surfaces of six selected teeth 
and restricting the assessment to the gingival half of the interproximal surfaces (Shick and 
Ash Jr. 1961) (Figure 3A).  
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One year later, Quigley and Hein developed a popular Plaque index, whilst conducting a 
trial investigating the efficiency of a new powdered reciprocating toothbrush (Quigley and 
Hein 1962). This index involved a quantitative assessment of the amount of plaque in a 
directional manner, appreciating that a repeatable pattern of plaque development exists, 
starting at the gingival margin and progressing towards the incisal/occlusal aspect (Figure 
3B). The index was later improved to emphasise the difference in plaque accumulation that 
occurs at the gingival third (Turesky et al. 1970).  

In1963, a periodontal based index was created to measure the periodontal status of 
Scandinavian women during pregnancy (Löe and Silness 1963). Further improvement of 
the initial index led to the development of the most widely used plaque index, aptly named 
The Plaque Index, four years later (Fischman 1986; Löe 1967). The index is fundamentally 
based on the earlier Gingival Index, aiming to describe the severity and location of plaque 
(Figure 3C). Also, in 1967, a plaque scoring system was proposed as part of the periodontal 
screening examination developed especially for the needs of the military dental service 
(O'Leary 1967). This index classified plaque with other local irritants such as supragingival 
calculus and grouped scores into intraoral sextants (Figure 3D).  

A high incidence of periodontal disease within the US Naval Academy gave rise to the 
Navy plaque index, in 1972 (Elliott et al. 1972). It was fashioned to assess and motivate 
young midshipmen to effective oral hygiene practices. The index coded for plaque location 
by dividing each tooth vertically into three regions, then further dividing the gingival region 
into mesial, midpoint and distal, and the middle region into mesial and distal (Figure 3E). 

In 1974, the Gingival margin plaque index was developed which expressed plaque coverage 
at the gingival margin as a percentage (Harrap 1974) (Figure 3F). Harrap used his index to 
assess the effect of new dentifrices on the growth of dental plaque.  

Progressive development and modification of these core index systems have continued 
with numerous additional plaque indices being published. The purpose of developing new 
indices is to increase their sensitivity and discriminatory power. This is simply achieved by 
increasing the number of scores in an index and by emphasising the areas of the tooth that 
have a higher tendency for plaque development. A prime example of this is evident when 
comparing the Oral Hygiene Index (Greene & Vermillion 1960) to the Distal Mesial Plaque 
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Index (Fischman et al. 1987). Both indexes use the same criteria for scoring the extent of 
plaque on the total tooth surface, but the later index uses eight different zones located at 
the mesial, gingival, and distal borders of the tooth surface. Another more modern index 
is also just a modification of the previous Navy Plaque Index (1972). Rustogi’s modification 
of the Navy Plaque Index (Rustogi et al. 1992), scores plaque based on the presence or 
absence with a score 1 or 0, on the nine areas of the tooth surface. The Proximal Marginal 
Index (Benson et al. 1993) divides the tooth into three unequal segments, each of which 
can be given a score range from 0 to 5 according to Turesky modification (Turesky et al. 
1970). A recent original index published is the New Method of Plaque Scoring (Dababneh 
et al. 2002). The index works using a numerical range from 0 to 10 representing the total 
stained plaque on the facial or lingual tooth surfaces with the greatest weight of scores 
placed at the gingival and proximal regions of the surface.  

Many of the aforementioned indices have since been modified in an attempt to improve 
some of their weaknesses, but ultimately, no single plaque index is completely reliable, 
precise, objective, specific and sensitive (Pretty et al. 2005). They all require assessor training 
and add cost to clinical trials. As long as a researcher understands the limitations inherent 
in the particular index they chose for measurement, meaningful results and conclusions can 
be drawn. 
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Index  

Score 

Plaque component of the 

Index for Periodontal 

Disease (Ramfjord - 1959) 

Plaque Scoring Index 

(Shick & Ash - 1961) 

Plaque scoring 

system (Quigley & 

Hein - 1962) 

The Plaque Index (Loe - 1967) 

Plaque component of The 

Periodontal Screening Examination 

(O'Leary = 1967) 

Disclosed Plaque 

Index (Turesky - 

1970) 

0 No plaque present  Absence of dental 
plaque No plaque No plaque in the gingival area 

No detectable plaque, or calculus, 
either supragingival or subgingival, 

is found on any tooth in the 
segment.  

No plaque 

1 

Plaque present on some but 
not on all of the 

interproximal and gingival 
surfaces of the tooth 

Dental plaque in the 
interproximal area or 
at the gingival margin 

covering less than 
1/3rd of gingival half 
of the facial or lingual 

surface 

Flecks of stain at 
gingival margin 

A film of plaque adhering to the 
free gingival margin and adjacent 
area of the tooth. The plaque may 

only be recognized by running a 
probe across the tooth surface 

Slight amount of plaque or 
supragingival calculus not ex-

tending more than 2 mm. from the 
gingival margin is found on any 

tooth in the segment. 

Separate flecks of 
plaque at the 

cervical margin of 
the margin of the 

tooth 

2 

Plaque present on all 
interproximal and gingival 
surfaces, but covering less 

than one half of entire 
clinical crown  

Dental plaque 
covering more than 
1/3rd, but less than 
2/3rd of the gingival 
half of the facial or 

lingual surface 

Definite line of 
plaque at gingival 

margin 

Moderate accumulation of soft 
deposits within the gingival 

pocket, on the gingival margin 
and/or adjacent tooth sur-face, 
which can be seen by the naked 

eye 

Plaque or supragingival calculus 
covers up to one-half of the 

exposed clinical crown on any tooth 
in the segment.  

Thin continuous 
band of plaque (up 

to 1 mm) at the 
cervical margin 

3 

Plaque extending over all 
interproximal and gingival 

surfaces covering more 
than one half of the entire 

clinical crown 

Dental plaque 
covering 2/3rd or 

more of the gingival 
half of the facial or 

gingival surface of the 
tooth 

Gingival third of 
surface 

Abundance of soft matter within 
the gingival pocket and/or on the 

gingival margin and adjacent tooth 
surface 

Plaque or supragingival calculus 
covers more than one-half the 
clinical crown or if subgingival 

calculus deposits or overhanging or 
deficient restorations are 

detectable by probing 

Band of plaque 
wider than 1 mm 
but covering less 

than 1/3rd of 
crown 

4 

  

Two thirds of surface   
Plaque covering at 
least 1/3rd but less 
than 2/3rd of the 

crown 

5 

  

Greater than two 
thirds of surface 

  
Plaque covering 
2/3rd or more of 

the crown 
Table 1 Plaque indices commonly used for plaque quantification and assessment in clinical trials. 
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Figure 2 Visual representation of common plaque indices. A) Plaque Scoring Index (Shick and Ash Jr. 1961), B) Plaque Scoring System (Quigley and 
Hein 1962), C) The Plaque Index (Löe 1967), D) Plaque Component of the Periodontal Screening Examination (O'Leary 1967), E) Navy Plaque 
Index (Elliott et al. 1972), F) Plaque Score (Harrap 1974). 

A. B. C. 

D. E. F. 
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1.4.3 Enamel demineralisation indices 

Inadequate oral hygiene allows dental biofilm accumulation and maturation. In the presence 
of fermentable carbohydrates, mature plaque produces acid which causes mineral loss from 
the underlying enamel. Diminished mineral content presents clinically on air-dried enamel 
as opaque demarcated imperfections. These areas are often termed white-spot lesions 
(WSLs). Evaluation of any intervention’s long-term effect on enamel quality, requires 
accurate assessment of post-eruptive enamel demineralisation present in any WSLs.  

Prior to assessment, correct diagnosis of a lesion is paramount. Alteration in enamel 
appearance that presents clinically as an opacity, can be either hypomineralisation or 
hypoplasia. Both have numerous aetiologies and are different entities, therefore introducing 
the potential for diagnostic error if care is not taken chairside. 

Clinically, direct visual assessment of enamel demineralisation requires that the surface of 
interest is dried and free of saliva. Appropriate lighting that is not too bright or too dim is 
also required (Seow 1997).  A traditional demineralisation index that has been well used 
in clinical research is the Gorelick classification (Gorelick et al. 1982). Examination for the 
presence of white spots is made on the labial surface of all individual teeth and scored 
appropriately according the method as shown in Figure 4.  

 

 
1. No white spot formation  
 
2. Slight white spot formation 
 
3. Excessive white spot formation 
 
4. White spot formation with cavitation 

Figure 3 Gorelick classification of white-spot lesions. 

A contemporary index for assessing enamel demineralisation is the International Caries 
Detection and Assessment System (ICDAS) (Ismail et al. 2007). Each enamel lesion is 
coded according the criteria in Figure 5. The index is highly regarded and widely used in 
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many dental epidemiologic studies, however its lack of sensitivity renders it an inappropriate 
index for the evaluation of small-scale changes in WSLs present in orthodontic patients. 
White-spots only relate to one score, that is 2. 

Code Description 

0 Sound tooth surface 

1 Visual change in enamel (seen only after prolonged drying) 

2 Distinct visual change in the enamel 

3 Localised enamel breakdown (because of caries with no visible dentine) 

4 Underlying dark shadow from dentine 

5 Distinct cavity with visible dentine 

6 Extensive distinct cavity with visible dentine 
Figure 4 ICDAS: The International Caries Detection and Assessment System (Ismail et al. 
2007). 

Unfortunately, enamel demineralisation indices are inherently difficult to standardise, as 
multiple variables influence the score given. For this reason, of late, most quality in vivo 
research utilises modern technology, such as quantitative light-induced fluorescence, to 
objectively, rather than subjectively, quantify enamel demineralisation. 

1.4.4 Quantitative light-induced fluorescence 

Human enamel possesses the natural characteristic of autofluorescence when exposed to 
short-wavelength blue light. Autofluorescence is a phenomenon resulting from certain 
organic compounds absorbing light of specific wavelengths and then re-emitting the energy 
at a different wavelength. Quantitative light-induced fluorescence (QLF) is a novel 
diagnostic method that exploits this phenomenon to objectively quantify mineral content 
change in enamel (Heinrich-Weltzien et al. 2003). Utilising a complex algorithm, computer 
software is able to measure the degree of fluorescence change in demineralised enamel 
and compare it to surrounding sound enamel (Alammari et al. 2013).   

The use of QLF as a demineralisation evaluation tool during orthodontic treatment, has 
been assessed by a prospective randomised controlled trial (RCT) (Miller et al. 2016). This 
study randomly allocated patients to receive oral hygiene reinforcement using either normal 
white light images of their teeth, or QLF digital images as visual aids. Demineralisation was 
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measured using the QLF technology, by recording fluorescence loss (DF). They concluded 

that QLF can be used in vivo to accurately detect and monitor demineralisation during 
orthodontic treatment. (Miller et al. 2016). The study was conducted over a similar duration 
and with the same sample size as our in vivo study presented in Chapter 3. 

Measuring the autofluorescence of bacterial porphyrins enables plaque detection with a 
quantitative score. This is a measurement of the number of red pixels resulting from 
fluorescence. It has been concluded that QLF is a reliable tool for assessing plaque 
accumulation in vivo (Pretty et al. 2005). Benson et al. also agreed that QLF is a reproducible 
and valid technique for quantifying both plaque and enamel demineralisation in both in vitro 
and in vivo environments (Benson et al. 2003a). 

1.4.5  DIAGNODent 

Another advanced method for the early detection and quantification of carious lesions was 
introduced in 1998 by the German dental supply company Kavo. The device is named the 
DIAGNODent and is a intraoral camera capable of emitting and receiving fluorescent light. 
The system was primarily designed to complement conventional probing and bitewing 
radiography for the early detection and quantification of occlusal surface carious lesions. It 
works by emitting a coherent beam of red light of a wavelength of 655nm onto a tooth 
surface (Lussi et al. 2004). Light of this particular wavelength is absorbed by bacterial by-
products existing in the porous carious lesion and they fluoresce. Fluorescent photons are 
then detected and quantified by the software in the device. If calibrated corrected the 
difference between sound and decayed areas is able to be recognised. It has been reported 
that the amount of fluorescence relates more closely to bacterial presence than to mineral 
content of the tooth (Hibst and Paulus 1999). A correlation does exists between the 
presence of bacteria and demineralisation, but the relationship is indirect. A recent study 
(Aljehani et al. 2004) compared the use of quantitative light-induced fluorescence and 
DIAGNOdent for quantification of WSLs adjacent to fixed orthodontic appliances and 
concluded a weak correlation between DIAGNOdent readings and mineral loss in the 
lesions. They used the validated method of transverse microradiography to quantify mineral 
content and stated that the QLF data seemed to reflect the assessments to a higher degree 
than the DIAGNOdent data (0.84 versus 0.64), implying that QLF is a better method for 
evaluating mineral loss in carious lesions in the enamel. This finding concurs with the results 
of numerous other studies (Benson et al. 2003; Shi et al. 2001; Susan et al. 1998) and is 
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not surprising, since the mechanism of the QLF method relates directly to mineral changes, 
whilst the DIAGNOdent is an indirect measurement of mineral content.  

1.5 Biofilm management in orthodontic patients 

Consistent with universal medical philosophy, preventative measures take precedence over 
interventional treatment. Many forms of prevention exist to inhibit plaque accumulation. 
Most biofilm management techniques and strategies used with orthodontic patients are 
adaptations of conventional caries prevention techniques borrowed from general dentistry. 
Broadly these techniques can be categorised as disrupting the biofilm either mechanically 
or chemically. Examples include, oral hygiene instruction, plaque staining, diet and nutritional 
advice, smooth surface and interproximal cleaning aids, professional tooth cleaning, various 
fluoride applications, chlorhexidine, casein phosphopeptide-amorphous calcium phosphate 
formulations and other antimicrobial medicaments (Khoroushi and Kachuie 2017). More 
contemporary interventions include; the use of oral probiotics, laser therapy, orthodontic 
material coatings and nanoparticles (Fernandes et al. 2018). 

1.5.1 Mechanical interventions 

Mechanical disruption of plaque is a validated effective measure of biofilm management 
(Addy 1986). Dental plaque can form on any non-shedding hard tissue surface exposed to 
the oral environment (Fejerskov and Kidd 2009). Mechanical disruption involves the 
physical removal of biofilm from hard surfaces by means of various cleaning aids. Complete 
removal of an accumulated biofilm is seldomly achieved in the hands of the patient during 
their regular daily home cleaning (Fejerskov et al. 2015). Supragingival cleaning can be 
divided into two main regions; smooth surfaces and interdental surfaces. Toothbrushes are 
the main at home aid used to clean smooth surfaces, whilst dental floss is the most 
commonly used interdental cleaning aid (O'Leary et al. 1972).  

For orthodontic patients there is an increased complexity involved in cleaning, due to the 
intricacy of fixed appliances and the obstruction they pose to mechanical cleaning. To assist 
cleaning around orthodontic appliances a wide range of orthodontic specific cleaning aids 
have been developed (Masoe et al. 2015). For example, SuperflossTM, Proxy-brushes, 
SulcabrushesTM, End-tuft brushes, WaterpiksTM and Water-jets to name only a few. 
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1.5.1.1 Air-polishing 

Air-polishing was first discussed in 1945 by a Texas dentist named Robert Black (Black 
1945). He described dentistry as one of the feared ‘medical arts’ and proposed air-polishing 
as a technique that could be used to circumvent this fear by non-mechanical preparation 
of cavities. Air-polishing, however, did not gain much traction in the dental profession for 
many years, until the late 1970s (Graumann et al. 2013). The first commercially available 
device was the Prophy Jet, released by Dentron in 1977. Post-conception, technological 
advances have driven constant modifications to the original design, yet the principle has 
remained unchanged. A specialised handpiece generates a jet of pressurised air, water and 
powder. This jet-stream is applied to any intraoral plaque retentive surface to mechanically 
remove attached biofilm.  

Air-polishing is a versatile technique with multiple applications. Examples include cavity 
preparation, fissure preparation prior to sealant placement, plaque management on dental 
implants, subgingival calculus removal, appliance cleaning, and stain removal. Within 
orthodontics, a novel application suggested for air-polishing is for cleaning a tooth surface 
prior to initial bracket placement in order to enhance bond strength (Gerbo et al. 1993). 
As a form of plaque management in orthodontic patients, it offers an alternative to 
conventional, but impractical, polishing techniques such as the rubber cup systems. The 
advantages of air-polishing when compared to other mechanical biofilm management 
methods are time efficiency, less operator fatigue and more effective plaque removal (Botti 
et al. 2010).  

Powder is an important component of an air-polishing system. Various different powder 
preparations are available for use in air-polishing. The original powder developed at the 
time of the technique’s inception, was sodium bicarbonate. This rudimentary powder is 
cheap to produce and very effective due to its abrasive large individual particle size (Bühler 
et al. 2015). The alkalinity of sodium bicarbonate might also counteract, to a degree, surface 
acid production by dental plaque (Banerjee et al. 2010). However, it is rarely used any 
more as it causes significant damage to any exposed surfaces with prolonged use (Pelka et 
al. 2010). Additionally, in vitro studies have shown that sodium bicarbonate powders used 
around either metal or ceramic brackets lead to increased frictional resistance through the 
brackets and visible surface changes under scanning electron microscopy (Parmagnani and 
Basting 2011). Increased frictional resistance impedes orthodontic space closure when 
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sliding mechanics are utilised (Wilmes et al. 2009). Other common powder preparations 
include: amino-acid glycine salt, glycine, calcium carbonate, aluminum trihydroxide, calcium 
sodium phosphosilicate and erythritol (Graumann et al. 2013; Petersilka 2011). Each 
individual preparation has its own properties and associated advantages and disadvantages, 
so careful selection is required by clinicians depending on the intended application. 

1.5.1.2 Toothbrushes 

The two basic categories of toothbrushes are manual or powered/electric. A Cochrane 
review and a meta-analysis have both concluded that moderate quality evidence states that 
powered toothbrushes reduce plaque and gingivitis more than manual toothbrushing 
(Niederman 2014; Yaacob et al. 2014). Notably, these findings were from studies with 
non-orthodontic patient samples. A clinical study recruiting only orthodontic patients, found 
electric toothbrushes to control dental plaque more effectively than their manual 
counterparts (Ousehal et al. 2011). The authors recommend patients receiving fixed 
appliance treatment should combine manual brushing with short clinical mouth-rinsing 
sessions or alternative use of an electric toothbrush (Ousehal et al. 2011). Another recent 
systematic review and meta-analysis, reported that for orthodontic patients, powered 
toothbrushes may support gingival health to a greater extent compared to manual 
toothbrushes (Al Makhmari et al. 2017). Only one study analysed in the review 
demonstrated a statistically significant difference between the manual and electric options, 
with lower gingival index and bleeding scores (Niederman 2014). The authors have 
suggested improved study standardisation and greater follow-up periods are necessary to 
elucidate the clinical relevance of the two alternatives.  

The efficacy of a toothbrush is not only determined by its driving mechanism (i.e. electric 
or manual) but also by its head design and the brushing technique employed. A myriad of 
various intricate ‘orthodontic’ specific toothbrush designs have been patented 
internationally. Their designers all claim superiority, however currently none of these claims 
are supported by high-quality scientific evidence.  

Several different toothbrushing techniques have been proposed. The most notable include 
the Bass, Modified Bass, Toothpick, Vertical and Fones techniques. Only one quality study 
has evaluated the effectiveness of different brushing techniques for orthodontic patients 
with fixed appliances (Nassar et al. 2013). They concluded that out of all the methods 
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tested, the Horizontal technique was the most effective for biofilm management as 
assessed by a reduction in plaque index. An original Orthodontic brushing technique has 
been specifically designed for patients with fixed appliances and the preliminary results 
show promising results in improving oral hygiene for orthodontic patients with future 
studies required to verify its efficacy (Kang 2015). 

1.5.1.3 Interdental aids 

Toothbrushes alone are not sufficient to completely remove plaque around orthodontic 
brackets and under archwires (Arici et al. 2007). The adjunctive use of an interdental brush 
is therefore recommended by most authors to adequately manage interproximal biofilm 
accumulation (Sudjalim et al. 2006). A Cochrane systematic review published in 2007, has 
outlined that minimal quality evidence exists to suggest the recommended use of 
interproximal brushes in orthodontic patients with fixed appliances (Goh and Fernandez 
Mauleffinch 2013). However, in 2013 this review was withdrawn due to the publication 
being deemed “out of date”. Logic would suggest that mechanical disruption of 
interproximal plaque would be beneficial for orthodontic patients, even if the evidence in 
the literature is inconclusive.  

Dental floss remains the most common and frequently used interdental cleaning aid 
(Fejerskov and Kidd 2009). For patients with fixed orthodontic appliances or even patients 
with fixed permanent retention, flossing is still feasible when combined with a Floss 
threader. This tool allows floss to be passed under any fixed wire or appliance, to access 
the interproximal dental contact point and subgingival crevice on either side of the dental 
papilla. A thorough review has shown in non-orthodontic patients, that flossing in addition 
to toothbrushing reduces gingivitis compared to toothbrushing alone (Sambunjak et al. 
2011). No studies have reported the effectiveness of flossing in addition to just 
toothbrushing, towards preventing dental caries. Additionally, minimal high-quality evidence 
is currently available in the literature investigating the perceived and often recommended 
beneficial effect of flossing specifically for orthodontic patients. One cross-sectional study 
investigated the association between regular dental floss use and gingival conditions in 
orthodontic patients (Zanatta et al. 2011). They concluded that regular daily flossing 
significantly lowers the probability of gingivitis and developing periodontal breakdown. 
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Oral irrigators are another form of interproximal cleaning aid advocated for use in 
orthodontic patients. Examples of common irrigators are Waterpiks and Water-jets. They 
function by spraying a small pressurised jet of water into the interproximal space, thereby 
removing any accumulated biofilm. A few studies have investigated the effectiveness of oral 
irrigators for biofilm management in orthodontic patients. One study evaluated their 
effectiveness, finding no significant differences between the group allocated with their use 
and the control group, when comparing mean plaque scores and gingival health (Jackson 
and Orthod 1991). Another study explored their effectiveness in a sample of adult 
orthodontic patients with fixed appliances but is weak evidence as the trial was only 
conducted over a short two-month period (Burch et al. 1994). They found significant 
reductions in plaque, gingival inflammation and a tendency for reduced bleeding after 
probing in the groups using an oral irrigator device compared to the group using a 
toothbrush alone. The authors directly attributed these clinical differences to the effect of 
the irrigation device and thus supported its use in orthodontic patients.  

1.5.2 Chemical interventions 

1.5.2.1 Chlorhexidine 

Chlorhexidine is another medicament commonly utilised in dental mouthwashes for its 
antiseptic properties. The molecule is positively charged and has a strong affinity for 
bacterial cells walls due to their negative polarity. This infers its mechanism of action by 
destabilising the bacterial cell wall following bonding (Chambers et al. 2013). Once the cell 
wall is damaged, the molecule penetrates the bacterial membrane, ruptures the cytoplasmic 
membrane resulting in bacterial cell death (Puig Silla et al. 2008). Biofilms unfortunately 
impart partial protection for bacteria against antiseptic agents such as chlorhexidine, but 
chlorhexidine also works through an alternative mechanism. It inhibits adherence of 
microorganisms to surfaces, thus preventing the initiation and growth of biofilms 
(Chambers et al. 2013).  

The use of chlorhexidine as a biofilm management agent has been well investigated by 
numerous studies (Attin et al. 2006; Madlena et al. 2000; Ogaard et al. 2001). Conflicting 
conclusions have been drawn from these studies regarding the efficacy of chlorhexidine in 
orthodontic patients. A systematic review has concluded that a limited number of studies, 
with a low risk of bias are available to address the antimicrobial efficacy of chlorhexidine 
for orthodontic patients with fixed appliances (Tang et al. 2016). The majority of the studies 
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were in agreeance that chlorhexidine is effective if used at 3 to 4 week intervals, but the 
strength of the evidence is weak. The authors have recommended that longitudinal studies 
are required to determine whether the antimicrobial effect elicited by chlorhexidine 
contributes to clinically significant caries reduction in orthodontic patients (Tang et al. 
2016). The use of chlorhexidine as a biofilm management aid for orthodontic patients may 
remain low due to not only its lack of evidence, but negative inherent side effects of poor 
taste, and tooth and material staining following prolonged use. 

1.5.3 Other interventions 

1.5.3.1 Oral probiotics 

Traditional biofilm management strategies are not without their own individual weaknesses. 
For this reason, novel contemporary approaches continue to emerge, such as the use of 
oral probiotics to manage plaque pathogenicity. Probiotics are live microorganisms that are 
theoretically detrimental to the pathogenic microorganisms, whilst being beneficial to the 
commensal microorganisms. Many different probiotic strains, such as Lactobaccilus, 

Bifodobacterium and Streptococcus, have been trialled for their efficacy as a biofilm 
management method (Burton et al. 2013). A RCT investigating the efficacy of the 
Streptococcus salivarius strain, found no significant reduction of biofilm formation when 
assessed using plaque and gingival indices (Benic 2016). A recent systematic review has 
concluded the daily consumption of probiotics may be effective in preventing plaque 
accumulation in patients with fixed appliances. However, the eligible studies included in this 
review, had methodological weakness and an unclear risk of bias. Ordinarily, long-term 
high-quality clinical trials are required to confidently substantiate the use of probiotics for 
biofilm management in orthodontic patients (Contreras et al. 2017). 

1.5.3.2 Polymeric tooth coatings 

Hydrophobic polymers have been used as fissure sealants in general dentistry for many 
years. The surface properties of such polymers are known to impede the adhesion of 
bacteria and so have been suggested as a potential coating to be placed on the susceptible 
enamel surfaces directly around orthodontic brackets (Fernandes et al. 2018). A systematic 
review, investigating various caries preventative measures in orthodontic patients, found 
very little quality evidence available at present to accurately assess the benefit of material 
coatings (Derks et al. 2004). A well designed prospective split-mouth study found no 
statistically significant differences between enamel coating treated teeth and untreated 
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teeth with regard to demineralisation (Fornell et al. 2002). At present there is no evidence 
to support the clinical use of polymeric tooth coating as a biofilm management strategy. 

1.5.3.3 Nanoparticles 

Nanoparticles are minute insoluble particles that are no greater than one hundred 
nanometres in size. Their biocidal and anti-adhesive qualities have the potential to offer a 
novel approach to biofilm management. In particular, the use of nanoparticulate silver, 
copper, zinc, silicon, titanium and their oxides, have shown considerable promise in two 
main applications; incorporation into orthodontic adhesives/cements; and as a coating over 
orthodontic brackets and wires (Borzabadi-Farahani et al. 2014).  

Nanoscience is a relatively new field and therefore limited evidence exists in the literature 
at present to support or negate the application of nanoparticles as a biofilm management 
tool in orthodontics. In addition, nanoparticles are potentially toxic towards the oral tissues 
and therefore pose an ethical complexity when proposing in vivo study designs. A review 
publishing in the Journal of Dental Research, succinctly outlined various in vitro experiments 
that have been conducted in which the addition of certain nanoparticles into or onto 
orthodontic materials has been trialled (Allaker 2010). The author concluded that 
nanoparticles can significantly reduce the formation and development of biofilm onto these 
materials and their future use is worthy of serious consideration. 

1.5.3.4 Argon laser curing 

The argon gas laser was invented in 1964 by William Bridges and uses the noble gas as an 
active medium to produce high energy green wavelength light (Bridges 1964). When 
enamel is exposed to an argon laser its crystalline structure is altered and consequently 
increases its resistance to demineralisation (Sudjalim et al. 2006). A well designed 
prospective clinical trial was conducted to investigate if this phenomenon could be utilised 
as a potential biofilm management tool in patients with fixed appliances (Elaut and 
Wehrbein 2004). The incidence of enamel decalcification and bond failure between bracket 
adhesive cured with an argon laser versus a conventional ultra-violet light was studied. 
Unfortunately, no significant difference between curing methods for the incidence of 
decalcification and plaque accumulation was found. The brackets cured with the argon laser 
showed a lower bond failure rate; indicating it as a superior curing tool, but with no value 
regarding biofilm management. 



 24 

1.6 Project aims 

Despite the significant prophylactic armamentarium available to dentists and orthodontists 
at present, the most recent meta-analysis of studies states that the prevalence of WSLs 
remains above 60% (Sundararaj et al. 2015). The high incidence and prevalence of WSLs 
highlights the importance of validating and implementing an effective biofilm management 
technique. Currently there is undoubtedly a need for a cost- and time-efficient technique 
that can be easily incorporated into everyday clinical practice. This research will add to our 
knowledge of biofilm management around fixed orthodontic brackets and stands to offer 
a practical and easily applied solution to this problem. Compared to traditional forms of 
plaque removal, such as rubber cup prophylaxis, a spray offers a productive means of 
removing plaque in difficult to clean locations, such as around brackets and under arch-
wires. Air-polishing’s effectiveness as a biofilm management tool has been studied 
extensively within the dental specialty of periodontics (Ng et al. 2018). However, few 
quality studies have been conducted on this application of air-polishing in orthodontics. 
Although the procedure has been available for many years, it is not routinely employed as 
a plaque control measure in orthodontic patients.  

We intend to investigate the clinical efficacy of air-polishing in managing biofilms in patients 
wearing fixed orthodontic appliances, to assess if it can successfully reduce biofilm 
formation and the consequential outcomes of gingival inflammation and enamel 
demineralisation. The procedure potentially offers an efficient, effective and financially viable 
technique to improve oral health care for patients undergoing orthodontic treatment with 
fixed appliances.  

It is generally considered that tooth enamel is minimally affected by air-polishing, but some 
powders have been found to impart irreversible damage and cause non-uniform 
roughening of human enamel surfaces (Jost-Brinkmann 1998). Erythritol is a contemporary 
powder with far smaller particle size than more traditional powders. The manufacturing 

company claims that due to the fine (14μm) particle size, erythritol is a “selective minimally-

abrasive spray” that can efficiently remove biofilm without harming the soft or hard tissues 
(Systems 2020a). A recent study concurs that erythritol powder does not cause enamel 
damage, but only when used at a distance of 10 mm and greater (Sinjari et al. 2019). 
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Practically when using the device intraorally, maintaining a distant greater than 10 mm can 
be difficult and challenging when working on patients. 

This project will build upon initial research, conducted at the University of Otago, 
investigating the effects of an erythritol prophylaxis powder (Air-Flow Plus) delivered by 
the EMS Airflow system. An initial study was undertaken  to determine the effect of 
erythritol powder on enamel surface topography when used at a distance of less than 10 
mm and thereby elucidate if the powder and technique are safe to use on human enamel. 
Atomic force microscopy scanning showed an increase in surface roughness on enamel 
samples treated with air-polishing using erythritol powder when compared to untreated 
control samples (Jiang 2018). A positive correlation was found between exposure time and 
surface roughness. Airflow of five seconds or greater to a set area produces an increase in 
enamel surface irregularities. To minimise any potential surface damage that could result 
from any treatment tested in this project, all exposure times were restricted to less than 
five seconds. This study indicated that the Airflow has the potential to damage enamel, but 
did not indicate whether conditions that did not damage enamel would still remove a 
bacterial biofilm. 

The study aims were: 

Firstly, to determine the optimal distance and treatment time for biofilm removal, when 
using the EMS Handy Airflow system on human enamel. This will be ascertained through 
an ex vivo enamel disk laboratory-based experiment and documented in Chapter 2. 

Secondly, to determine if Airflow polishing can be utilised as an effective clinical tool for 
reducing biofilm formation in patients wearing fixed orthodontic appliances. This will be 
achieved by conducting a single-blind RCT on patients wearing fixed orthodontic appliances 
and reported in Chapter 3. 

Chapter 4 will comprise a general discussion including a concise economic evaluation for 
Airflow as a biofilm management tool in patients with fixed orthodontic appliances to allow 
comparative analysis of alternative courses of action. 
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Chapter 2 

Optimal distance and exposure time of air-

polishing for biofilm removal from human 

enamel: An ex vivo study 
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2.1 Abstract 

Introduction: Air-polishing offers considerable potential as an effective biofilm management 
tool for patients with fixed orthodontic appliances. The aim of this study was to determine 
the optimal distance and exposure time to use with the EMS Airflow system, in order to 
guide its safe and effective use in clinical practice. Materials and Methods: Sound enamel 
samples were prepared from surgically extracted third molars. Standardised circular 
samples were cut from the teeth and a mono-culture Streptococcus mutans serotype c 
(strain ATCC 700610/UA159) biofilm was cultured on the disks. Samples underwent air-
polishing treatment with the Airflow Handy 3.0 Plus handpiece held in a customised 
mounting jig. Exposure conditions tested were four distance intervals (5, 10, 15 and 20 
mm) and three time intervals (1, 2 and 3 seconds). A digital planimetric approach utilising 
colour thresholding was employed to quantify the amount of plaque present on each 
enamel disk. Results: The quantity of plaque removed increased with exposure time, at all 
distances tested. At distances beyond 10 mm, plaque removal reduced with increasing 
distance, whilst an exposure distance of less than 10 mm significant impeded plaque 
removal at all exposure times. An optimal distance of 10 mm, from the tip of the device 
to the enamel surface, was found to generate the greatest reduction in plaque for any given 
exposure time. Conclusion: Airflow treatment using erythritol powder should be limited to 
less than five seconds on teeth to minimise iatrogenic damage to the enamel surfaces, with 
a 10 mm distance from the tip of the device to the exposed surface to ensure optimal 
functionality and greatest plaque removal efficiency. 
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2.2 Introduction 

Since their invention in the 1970s, air-polishing devices have been used by clinicians for 
various intraoral applications. When used incorrectly they can cause irreversible damage to 
human enamel, resulting in significant long-term alteration in surface topography (Barnes et 
al. 1990; Jiang 2018). However, when used correctly, the technique is an effective means 
of biofilm removal (Gutmann 1998). Theoretically, every individual air-polishing device 
should have its own optimal parameters through which biofilm removal is most efficient, 
whilst also ensuring there is no iatrogenic damage to the enamel. 

At present, only broad operational instructions are provided by the companies that 
produce and sell air-polishing devices. A search of the literature revealed no defined specific 
operational instructions for the use of the EMS Airflow system. Parameters to improve 
subgingival cleaning on titanium implant surfaces have been proposed (Tastepe et al. 2017) 
but, to our knowledge, the optimal clinical parameters for its use in orthodontic patients 
for supragingival plaque removal have not been established. The manufacturers of the 
Airflow device, provide only the limited operational instructions of “direct the nozzle strictly 
towards the surface of the tooth, from the sulcus to the incisal edge. Respect a distance 
from 3 to 5 mm.”(Systems 2020b).  Additionally, no mention of exposure time has been 
proposed by the company. The aim of this study was to determine the optimal parameters 
for the use of the EMS Airflow system to remove biofilm. Formulation of operational 
guidelines would offer a reference for clinicians to use this system in an evidence-based 
practice.  

2.2.1 Biofilm quantification – ex vivo 

Objective quantification of plaque is necessary if evaluation of plaque intervention 
strategies, such as air-polishing, are to be accurately assessed. Numerous direct and indirect 
methods have been developed to quantify cells within a biofilm. With constant 
advancements in technology this number of techniques continues to increase. 

Methods are termed direct, if they involve direct measurement of a particular parameter, 
and indirect if they measure a particular parameter and then infer quantity through this 
parameter. Examples of direct methods include traditional techniques such as plate counts 
of colony forming units, and flow-based cell counting; to more contemporary methods, 
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such as light and fluorescence microscopy (Wilson et al. 2017). Examples of indirect 
methods include, calculation of dry mass, total organic carbon, and metabolic 
measurements using ATP bioluminescence (Wilson et al. 2017). Each method has its own 
set of advantages and disadvantages. The decision to use one method over another is often 
based on the level of information required, budget, time, availability of infrastructure and 
equipment, and operator knowledge and skill.  

Over the last decade there have been significant advances in computer technology and, 
with this, new digital methods of plaque quantification. Several recent studies evaluating 
plaque removal have utilised image segmentation to objectively quantify biofilm coverage 
(Carter et al. 2004; Kang et al. 2006; Smith et al. 2001). Segmentation is the method of 
partitioning an image into segments based on various image characteristics (Vyas et al. 
2016). One common method for segmentation is termed image thresholding. A two-
dimensional digital image consists of thousands of small pixels side-by-side. The colour 
displayed by each individual pixel is coded for in binary by a unit of information referred to 
as bit-depth (Christopoulos et al. 2000). Bit-depth can vary in size depending on the quality 
of the image. For example, it can be as small as a single bit, which allows only two 
possibilities, either black or white; or larger, such as in a standard red, green, blue (RGB) 
colour photograph, where the colour each pixel displays is determined by three 8-bit units 
of information, allowing for over 16.7 million possible colour values.  Thresholding dental 
plaque on human enamel is possible as stained plaque displays a significantly different colour 
profile and intensity compared to clean enamel (Pretty et al. 2005). Establishing a cut-off 
value between the colour value of clean enamel and the colour value for stained plaque, 
allows each pixel to be categorised as one or the other. Subsequently, the area of a surface 
covered in biofilm can be calculated. 
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2.3 Aim  

To investigate the optimal distance and exposure time for Airflow removal of biofilm from 
human enamel ex vivo. 

2.4 Material and Methods 

2.4.1 Preparation of human enamel samples 

Human surgically extracted unerupted wisdom teeth were obtained with patient consent. 
Ethical approval for the study was obtained from the University of Otago Ethics Committee 
(Ethics Committee reference number 13/105). Following extraction, the teeth were 
immediately cleaned with sterile soft gauze and disinfected using 70% alcohol and then 
stored at room temperature in sterile distilled water for less than one week prior to 
utilisation in the experiment. Teeth were excluded using visual inspection according to the 
following criteria; presence of any discolouration, demineralisation, fluorosis, cracks, or 
enamel developmental defects. 

GCLTTM laboratory putty (Vinyl polysiloxane, GC America Inc.) was used to fashion a jig 
to hold the SRTM Ivolen material (dibenzoyl peroxide and methyl methyacrylate, Ivoclar 
Vivadent AG) in which teeth were embedded (Figure 6D). After seven minutes of setting 
time the embedded teeth were clamped in a moveable hand-tightened steel vice (Figure 
6B). The vice was tightened to firm hand tightness to ensure that no movement of the 
teeth would occur during cutting. Enamel disks were cut using a single 5 mm electroplated 
diamond hole saw (Bosch) to standardise the dimensions of all enamel samples (Figure 
6A). Cutting was non-irrigated at 1450 rpm (Progress No.1 Drill Press, Gargoyle Vacuum 
Oil Co. Ltd.) (Figure 6C). Only a single disk sample was taken from each tooth. The sample 
was taken so that experimental surface was the midpoint of each tooth’s buccal surface. 
The height of each disk was set at 5 mm, measured from the highest point of buccal contour 
to the inferior (dentine side) surface of the sample. Height was adjusted by holding each 
sample on the axial wall with mosquito forceps so as not to contact the buccal surface, and 
polishing the inferior (dentine side) surface with an electronic sander (Struers A/S, Ballerup, 
Denmark). Digital Vernier callipers were used to confirm the height of each individual disk. 
Forty eight enamel disk samples were prepared in this manner. The surfaces of the enamel 
disks were not polished in any form prior to biofilm challenge. 
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Figure 5 Equipment utilised in the preparation of enamel disk samples. A) Electroplated 
diamond hole saw, B) Steel vice, C) Drill press, and D) VPS stent used to hold embedded 
trial teeth during protocol design phase. 

2.4.2 Culture of Streptococcus mutans biofilms 

Streptococcus mutans serotype c (strain ATCC 700610/UA159) was revived from frozen 
stocks maintained in the Molecular Biosciences Laboratory, Sir John Walsh Research 
Institute, University of Otago. The bacteria were plated on Columbia sheep blood agar 
(Cat # 1100: Fort Richard Laboratories, Auckland, New Zealand) and incubated in an 
anaerobic jar at 37°C for 72 h. To create a sufficiently anaerobic environment, a disposable 
oxygen-absorbing and carbon dioxide generating agent (AnaeroPack-Anaero-3.5L, 
Mitsubishi Gas Chemical Company Inc., Japan) was utilised within the airtight sealable 
incubation jar.  

Brain Heart Infusion (BHI) broth was prepared by completely dissolving 9.25 g of BHI 
powder (Bacto Dehydrated Microbiological Media, New Jersey, USA) in 250 mL of distilled 
water. Portions of the BHI (10 mL) in universal bottles were autoclaved at 121°C for 15 

A. 

C. D. 

B. 
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min to ensure sterility. A single BHI aliquot was then inoculated with a single S. mutans 
colony from a blood agar plate. The inoculated BHI was incubated at 37°C for 24 h. 

BHI was supplemented with 1% (w/v) sucrose by adding 200µL of filter sterilised (ReliaPrep 

0.2µm pore syringe filters, Helsinki, Finland) 50% (w/v) sucrose solution to a fresh 10 mL 

BHI aliquot. College tweezers were sterilised by dipping them in 95% ethanol and passing 
them through a Bunsen flame. Using the sterile tweezers each enamel disk was placed into 
an individual well of a 48-well cell culture plate (CellStar Cat. 677180, Greiner Bio-One, 
Kremsmünster, Austria) (Figure 7A). One millilitre of BHI + 1% (w/v) sucrose was pipetted 

into each well, followed by 10µL of the 24 h S. mutans BHI culture. The 48-well microtitre 

plate was incubated at 37°C for 24 h, to allow bacterial growth on the enamel disk surface. 
After 24 h incubation, the monoculture biofilm was further increased by carefully pipetting 

500µL of solution from each well and replacing it with a fresh 500µL of BHI + 1% (w/v) 

sucrose. 

After 48 hours incubation at 37°C, the microtiter plate was removed from the incubator 
and each enamel sample was moved to an adjacent empty well using sterile college 
tweezers (Figure 7B). Attention was taken to carefully transfer the samples by only holding 
the axial walls and ensuring no contact with the top, intervention, surface. A single drop of 
disclosing gel (GC Tri Plaque ID GelTM, GC America Inc, Illinois, USA.) was placed directly 
onto the sample without the tip of the tube contacting the sample. Special attention was 
given during placement of the disclosing solution to ensure that the entire disk surface was 
covered in gel. After 60 s contact, the excess stain and any non-adherent bacteria were 
removed from each individual sample by complete submersion in distilled water combined 
with vigorous shaking of the sample through the water, carefully held by the axial walls with 
college tweezers. Each sample was moved into the next clean adjacent well prior to pre-
intervention baseline photographs being taken (Figure 7B).  
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Figure 6 Formation of S. mutans biofilms on human enamel disks. A) Layout showing two 
rows of eight samples in each 48 well plate, B) Transfer direction (arrows) of samples to 
adjacent wells for staining and then baseline photographs. 

2.4.3 Airflow intervention 

The air-polishing system used was the Airflow Handy 3.0 Plus handpiece (Electro Medical 
Systems, Nyon, Switzerland). The powder used was Airflow Plus powder with a particle 
size of 14 µm granules. The device settings were standardised at an air pressure of 5 bar 
with a water flow rate of 20 mL/min. The Airflow exposure was conducted by only one 
person. 

A customised mounting jig was fabricated to standardise the exposure conditions 
accurately (Figure 8). The distance was measured from the air-polishing tip to the surface 
of the enamel sample. The angulation of the Airflow tip was set at 90 degrees from the 
samples to ensure the central beam contacted the centre of each sample. A manual 
stopwatch was used to control the exposure times.  

A. B. 
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Figure 7 Airflow experimental setup. A) Customised jig to ensure standardisation during 
the Airflow treatment, B) Horizontal view mid Airflow, and C) Vertical view post Airflow.  

Each enamel disk sample (with biofilm) was photographed prior to Airflow exposure and 
directly following exposure. All samples were photographed using the same Canon DSLR 
Powershot G10 body with Canon EF-S 60mm 1:2.8 macro lens. The camera was bolted 
to a vertical holder set at a fixed distance of 300 mm from the base of each sample to 
standardise all photographs. No flash was used and ambient light was constant. Camera 
settings were shutter speed 1/80, aperture F2.8, ISO 400 and a single central focus point.  

Four distance intervals were tested, 5 mm, 10 mm, 15 mm and 20 mm. Three time intervals 
were tested, 1 s, 2 s and 3 s. Within each group, 4 enamel disks were exposed (N=4). A 
total of 48 enamel samples were tested. Each sample was prepared from a different tooth.  

A. 

B. C. 
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2.4.4 Digital quantification 

A digital planimetric approach utilising colour thresholding was employed to quantify the 
amount of plaque present on each enamel disk (Rmaile et al. 2014). Analysis was conducted 
using Image J Fiji V.2 software. Complete biofilm coverage of the intervention surface was 
confirmed by visually inspection prior to photographing. The perimeter of the disk was 
selected for analysis by using the ‘Oval Selection Tool’ (Figure 9A). Background pixel data 
was then removed to give a plain black background for analysis with the ‘Clear Outside’ 
function. A total baseline surface area, in pixels, was calculated for the selection using the 
‘Measure’ command and labelled as the ‘Total Area’ for the respective sample (Figure 9B). 
Colour thresholding was then applied to the hue, saturation, brightness (HSB) 
representation of the RGB photograph, with the hue range set at 0 to 255 and brightness 
1 to 255. Saturation was the dimension used as the thresholding element. Two separate 
researchers were involved in the thresholding process. Researcher One firstly selected only 
the area with remaining plaque coverage by increasing the lower saturation slider to the 
appropriate level. This selection was quantified in pixels through the ‘Measure’ command 
and labelled as the ‘Plaque’ for the respective sample (Figure 9C-D). Researcher One then 
reset the slider to 0 to 255 for Saturation. Researcher Two next reduced the saturation 
slider till only plaque-free clean enamel was selected. This selection was quantified in pixels 
through the ‘Measure’ command and labelled as the ‘Plaque-Free’ for the respective sample 
(Figure 9E-F). Researcher Two was blinded to the saturation threshold Researcher One 
had established. The entire sample analysis was repeated twice, a week apart, to allow for 
repeatability testing.  

Percentage of Total Plaque Reduction was calculated as Total / Plaque-Free x 100 
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Figure 8 Image analysis with colour thresholding. A) ‘Total area’ selection, B) Clearing 
background, C) Saturation threshold for ‘plaque area’, D) Selection and measurement of 
‘plaque area’, E) Saturation threshold for ‘plaque-free area’, F) Selection and measurement 
of ‘plaque-free area’.  

A. B. 

C. D. 

E. 

F. E. 
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2.4.5 Statistical analysis 

Inter- and intra-examiner repeatability was assessed with paired 2-tailed t-tests. Type I error 
set at P > 0.10 was taken to indicate substantial reliability. All area measurements were 
entered into a spreadsheet within the statistical software SPSS (version 20.0, IBM, Chicago, 
IL, USA). Sample means, standard deviations and standard errors were calculated. The 
difference between group means was assessed using two-way analysis of variance 
(ANOVA).  Bonferroni-adjusted post-hoc tests were conducted for both independent 
variables based on observed means. 

2.5 Results 

Baseline characteristics of the enamel biofilm samples were recorded prior to intervention. 
The average total area of the prepared disks was 0.51 megapixels (SD=0.04). Average 
biofilm coverage after incubation was 96%. Mean experimental error for the collective 
samples was calculated to be 1.64%. 

2.5.1 Quantitative analysis 

The amount of plaque removed was significantly influenced by exposure time (F=94.1, 
P<0.001) and distance (F=17.2; P<0.00). There was no significant interaction between 
exposure time and distance (F=2.1; p=0.081). Plaque removal consistently increased with 
increasing exposure time from 1 to 3 seconds. On the other hand, at a distance of 5 mm, 
less plaque was removed relative to the other distances tested. At an exposure distance 
of 10mm, a greater reduction in plaque was noted for all exposure times. For distances 
greater than 10 mm, there was a reduction in the percentage of plaque removed, 
irrespective of exposure time (Figure 10). Post-hoc comparisons between exposure times 
and distances are given in tables 2 and table 3. The mean difference of percentage of plaque 
removal was statistically significant between all distances tested except 5 and 20mm, and 
15 and 20mm. Comparisons for all times tested were statistically significant. 

 

2.4.5 
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Table 2 Plaque reduction (%) for different exposure times and distances 

Exposure distance (mm) 
Exposure time 

1 sec 2 sec 3 sec 

5 36.8 (18.3) 63.3 (9.7) 81.0 (2.5) 

10 66.5 (5.3) 82.5 (1.6) 91.5 (1.8) 

15 50.3 (8.4) 76.3 (1.9) 88.0 (1.3) 

20 50.0 (8.1) 67.5 (3.6) 86.3 (3.9) 
- all values for plaque reduction are presented as mean percentage (SD) 

 

 

Figure 9 Plaque reduction (%) for different distances with 95% CI 
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Table 3 Multiple comparisons of plaque removed (%) for different distances with 95% CI 

Distance (mm) Mean Difference P-value 
95% Confidence Interval 

Lower Bound Upper Bound 
5 10 -20.8 .000 -29.1 -12.5 

15 -11.5 .003 -19.8 -3.2 
20 -7.0 .143 -15.3 1.3 

15 10 -9.4 .020 -17.7 -1.1 
20 10 -13.8 .000 -22.1 -5.5 
20 15 -4.4 .861 -12.8 3.9 

 Bold denotes statistical significance (p<0.05). 

Table 4 Multiple comparisons of plaque removed (%) for different exposure times with 95% CI  

Time (seconds) Mean 
Difference P-value 

95% Confidence Interval 
Lower Bound Upper Bound 

1 2 -20.2 .000 -26.6 -13.7 
3 -35.2 .000 -41.7 -28.8 

2 3 -15.1 .000 -21.5 -8.6 
 Bold denotes statistical significance (p<0.05). 
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2.5.2 Qualitative analysis 

All exposures resulted in some degree of plaque removal. No combination of exposure 
time and distance resulted in complete removal of all plaque from the enamel surfaces. A 
constant ‘pattern’ of plaque removal was observed at the distance of 5 mm (Figure 11). A 
circular central area of plaque consistently remained after treatment at this particular 
distance, causing a relatively poor overall percentage of plaque reduction. 

 
Figure 10 Pattern of plaque removal seen at 5 mm exposure distance. Note the circular 

central area (dashed circle) of plaque that has not been removed despite exposure.  

Following disclosure staining, two distinct colours were observed within the biofilm; pink 
and blue. Plaque in intimate contact with the enamel surface appeared pink, whilst more 
superficial plaque stained blue. Progressive removal of plaque with the Airflow treatment 
resulted in a consistent change in the colour of the samples (Figure 12). A repeatable 
sequence of colour change was noted following each exposure, with blue stained plaque 
removed first, followed by pink, before a clean enamel surface was observed. 

     

Figure 11 Colour change progression with increased biofilm removal from left to right. 

2.6 Discussion 

Air-polishing has been extensively studied within the specialty of periodontics and 
undoubtedly is an effective technique for biofilm removal, yet “detailed information on how 
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it works is lacking” (Tastepe et al. 2017). The findings of this study demonstrate that the 
clinical parameters of exposure time and distance from the air-polishing tip to the surface 
of the enamel significantly influenced the amount of biofilm removed by the Airflow 
treatment. Longer exposure times resulted in more biofilm removal. A distance of 10 mm, 
from the device tip to the exposure surface, was found to elicit the most biofilm removal. 
When the tip distance decreased to 5mm, cleaning efficiency was significantly impaired. 

Complete biofilm removal was not seen for any of the samples tested in the study. The 
highest percentage of plaque reduction observed was 93%. Hypothetically, if the positive 
correlation trend seen was extrapolated, a time value for each distance where absolute 
plaque removal occurs could be found. Future research would be required to establish this 
point. Complete plaque removal was not deemed necessary for this research as in a clinical 
environment 100% removal is practically impossible. Indeed, patients with excellent oral 
hygiene and representative low plaque index scores, still have small amounts of plaque 
present on their dentition at all times (Van der Weijden and Hioe 2005). It is well 
established that formation of the pellicle is initiated within only seconds after thorough 
cleaning (Hannig et al. 2004). In reality, a clean enamel surface is only completely void of 
bacteria instantaneously, as the oral environment is bathed in a fluid containing high 
concentrations of salivary proteins and micro-organisms that have a high affinity for enamel 
(Schmid et al. 1976). Plaque management and control is therefore centred around frequent 
regular plaque removal, as this prevents biofilm maturation and subsequent associated 
pathogenesis (Marsh and Martin 1992). The absolute 100% removal of all plaque is thus 
not a realistic clinical objective (Schmage et al. 2014). 

The standardisation of Airflow intervention was ensured to reduce confounding in the 
study. The device settings were set at an air pressure of 5 bar, with a water flow rate of 
20mL/min. These settings were chosen as greatest instrument efficacy has been reported 
at higher pressure and with increased water flow rate (Petersilka 2011). Samples were cut 
from unerupted human teeth and randomised into the different treatment groups. A 
customised jig was made to remove any error or variation that would have been 
introduced from manually holding the air-polishing handpiece. To the best of our 
knowledge, this is the first study specifically looking at the effect time and tip distance has 
on biofilm cleaning efficiency for the Airflow system when using an erythritol powder (Air-
Flow Plus) preparation. A recent systematic review that investigated the effect of air-



 51 

polishing on the oral tissues suggested that future research in this area should use human 
teeth, test clinically relevant treatment protocols, and utilise suitable methods of 
quantification of the effect (Bühler et al. 2016), all of which were considered and 
incorporated in the current study. 

A recent study evaluated the influence of different air-polishing settings on the size and 
shape of a cleaned titanium surface (Tastepe et al. 2017). A repeatable pattern of the film 
post-intervention, which they named ‘islands’, was also noted, depending on settings. 
Observation of these central islands was attributed to powder coming out of the tip and 
directly contacting the surface without mixing with water. Explanation of the similar circular 
pattern found in our study may also be attributed to this cause. An alternative explanation 
could be that the water and powder exits the tip as a cone, but at distances greater than 
5 mm this cone diffuses into a more even spray. Future research would be required to 
explain the cause. 

There are some limitations of the study. Only one type of powder (Air-Flow Plus) was 
used. Erythritol was chosen as it is the most recent powder available and comparatively 
appears to be the most superior (Hägi et al. 2013). Future studies could compare different 
powders and establish if they behave in a similar manner to that found in this study. Another 
limitation was the biofilm grown on the enamel samples may not represent a natural in vivo 
dental biofilm, thus to an extent limiting the external validity of our findings. The biofilm 
was a monoculture of S. mutans UA159 and thus not a true representative syntrophic 
multi-species dental biofilm. S. mutans UA159 is an extensively studied strain and a well-
established cariogenic pathogen of high interest in the literature (Ajdić et al. 2002). A single 
strain biofilm of S. mutans UA159 was intentionally chosen in the study to enhance 
consistency and ensure standardisation between samples. S. mutans produces a lot of 
extracellular matrix through secreted glucosyltransferases, and has one of the highest 
surface potentials and adherence strengths compared to other dental biofilm streptococci 
(Koo et al. 2013). These attributes combine to make its removal comparatively more 
difficult (Olsson et al. 1976). In addition, the digital colour thresholding method used for 
plaque quantification is restricted to two-dimensions when, in reality, dental plaque is a 
three-dimensional structure. Two-dimensional analysis offers limited information regarding 
the vertical/height decrease of the plaque following exposure to Airflow. Recently, an 
innovative dental biofilm study has utilised dual-energy micro-computed tomography as an 
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analytical tool that allows for quantification of plaque in three-dimensions (Pires et al. 2018). 
Unfortunately, this technology is still very expensive and for the purpose of this study was 
not deemed viable. 

2.7 Conclusion 

The amount of plaque removed increases with exposure time to air-polishing, at all 
distances tested. A distance of 10 mm, from the tip of the device to the enamel surface, 
was found to be optimal and generate the greatest reduction in plaque for any given 
exposure time. Beyond 10 mm, plaque removal reduces with increasing distance, whilst an 
exposure distance of less than 10 mm significantly impedes plaque removal for any given 
exposure time. We recommend a 10 mm distance from the tip of the device to the 
exposed surface should be used to ensure optimal functionality and greatest plaque 
removal efficiency for Airflow treatments using an erythritol powder. 
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Chapter 3 

Efficacy of air-polishing in managing biofilm 

formation in patients wearing fixed orthodontic 

appliances: a single-blind, split-mouth, 

randomised controlled trial  
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3.1 Abstract 

Introduction: Fixed orthodontic appliances impede patient oral hygiene and promote biofilm 
formation, increasing the risk of gingival inflammation and enamel demineralisation.  Current 
interventions remain inadequate. The air-polishing based technique of Airflow has been 
found to be effective and time-efficient as a biofilm management tool in periodontal 
patients, but its efficacy in orthodontic patients is still unknown. Materials and Methods: The 
study was a single-blind randomised controlled trial, with a split-mouth design involving 
monthly Airflow intervention for five months in orthodontic patients. A sample of 20 
patients undergoing fixed orthodontic treatment at the Faculty of Dentistry, University of 
Otago, Dunedin, New Zealand, was enrolled in the trial. The test intervention was air-
polishing via the Airflow Handy 3.0 Plus handpiece (EMS, Switzerland) with an erythritol 
based powder (Air-Flow Plus); the control intervention consisted of guided toothbrushing 
following oral hygiene instruction. The air-polishing and control interventions were 
randomly allocated to either Quadrant 1-3, or Quadrant 2-4 based on computer-
generated random sequencing using balanced block randomisation. All the patients 
received a standardised set of oral hygiene instructions for home-based oral care. Outcome 

measures included the gingival index (GI), plaque index (PI), fluorescence loss (DFav%), and 

white-spot lesion area as recorded via quantitative light-induced fluorescence. At each time 
point, GI was assessed before the interventions, while PI was assessed before and after the 
interventions. Fluorescence loss  and white-spot lesion area were assessed at baseline and 
at the end of the trial (five months later). Results: Overall, GI scores did not change 
significantly with time (F=1.9; P=0.084), while PI became slightly worse over time (+0.14, 
95%CL 0.02-0.23; P=0.028). Both GI and PI did not differ between interventions (time x 
intervention interaction F=0.244; P=0.943. At each time-point, however, the Airflow 
intervention resulted in a two-fold greater immediate reduction in PI scores (P<0.001) 
compared with the control for all time points in the trial. After five months, changes in 

fluorescence (DFav%) (P=0.089) and white-spot lesion size (px2) (P=0.311) did not differ 

significantly between the Airflow and the control interventions. Conclusion: Both the test 
and control interventions caused an immediate reduction of PI in patients wearing fixed 
orthodontic appliances, which however was not sustained over time. Airflow is twice as 
effective at removing biofilm compared with the control at the time of intervention. 
However, the effect of biofilm removal over a five-month period may be clinically 
insignificant with respect to gingival health and enamel demineralisation.  
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3.2 Introduction 

Air-polishing has been used in dentistry for over four decades and has been extensively 
studied. It has been found to be effective for subgingival and supragingival biofilm removal 
in dental and periodontal patients (Gerbo et al. 1993; Graumann et al. 2013; Petersilka et 
al. 2003). In patients with fixed orthodontic appliances, plaque accumulation and its 
associated risks, are undoubtedly increased and there is an obvious need for an efficient 
biofilm management system (Balenseifen and Madonia 1970; Klukowska et al. 2011; Leung 
et al. 2006). Aesthetic improvement is the primary motivating factor for the majority of 
patients seeking orthodontic treatment (Wędrychowska-Szulc and Syryńska 2010). Yet 
despite this, orthodontic treatment for many actually results in an overall cosmetic decline 
in their smile as a direct result of poor plaque management during their course of treatment 
(Willmot 2008). Application of a proven effective prophylactic tool to an at-risk population, 
seems only logical and warrants investigation. To confirm this assumption, we conducted a 
split-mouth RCT testing air-polishing for plaque control in orthodontic patients with fixed 
appliances. 

3.3 Aim 

The aim of this study was to conduct a split-mouth single-blind RCT to investigate the 
efficacy of air-polishing in managing biofilm formation in patients wearing fixed orthodontic 
appliances. 

3.3.1 Objectives 

To determine if air-polishing at regular orthodontic adjustment appointments is more 
effective in reducing biofilm formation, gingival inflammation and enamel demineralization, 
than the standard intervention of oral hygiene instruction and toothbrushing alone, in 
patients wearing fixed orthodontic appliances. 

3.3.2 Hypothesis 

It is hypothesised that air-polishing at regular adjustment appointments in patients with 
fixed orthodontic appliances will result in: 

• Reduction in the gingival index 



 58 

• Reduction in the plaque index 

• Reduction in the incidence and degree of enamel demineralisation 

3.4 Materials and methods 

3.4.1 Study design 

The study was designed as a randomised, single-blind, split-mouth design involving a main 
(Airflow) and a control intervention (standardised oral hygiene instruction). Data were 
collected from August 2019 to March 2020 in the Faculty of Dentistry, University of Otago, 
New Zealand. The study was approved by the University of Otago Ethics committee 
(H18/084, Appendix 1). Maori consultation was undertaken and approval was granted 
(Appendix 2). The study was registered with the Australian New Zealand Clinical Trials 
Registry (ACTRN12619000943145).  

3.4.2 Sample population 

Study participants were recruited from the Orthodontic Clinic of the Faculty of Dentistry, 
University of Otago, New Zealand. Orthodontic patients who were currently under 
treatment with fixed appliances and their predicted treatment time to completion was 
greater than five months from initiation of participation in this study, were assessed for 
eligibility. Eligible participants were informed of the study design via an information sheet 
(Appendix 3). 

Written informed consent was obtained from each individual participant and/or 
parent/caregiver prior to commencing the study (Appendix 4).  

3.4.3 Sample size  

The trial was conducted as a pilot study prior to investment in a large scale full RCT. 
Resources available allowed for recruitment of a convenience sample of 20 participants. 
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3.4.4 Inclusion and exclusion criteria 

3.4.4.1 Inclusion criteria 

• Poor oral hygiene and plaque control (defined as patients currently under treatment 
who have attended at least two consecutive adjustment appointments where poor 
oral hygiene has been noted in their clinical record.) 

• Aged 10-30 years 

• Permanent dentition 

• Minimum of 20 natural teeth 

• Full upper and lower fixed appliances, with conventional buccal stainless-steel metal 
brackets (Rocky Mountain Orthodontics Mini-Taurus brackets) 

3.4.4.2 Exclusion criteria 

• Systemic disease (e.g. diabetes, haemophilia, salivary dysfunction etc.) 

• Patients with respiratory difficulties (e.g. chronic bronchitis, asthma etc.) or suffering 
from upper respiratory tract infections  

• Patients at risk from bacteraemia (e.g. endocarditis, pregnancy, breast feeding, 
immune deficiency etc.) 

• Physical or mental impairment that affects ability to self-perform home oral hygiene 

• Periodontal disease 

• Enamel defects (e.g. fluorosis, enamel hypoplasia etc.) 

• Current or previous smoker 

• Residing in non-fluoridated area 

• Taking antibacterial medication (e.g. antibiotic therapy, antibacterial mouth rinses) 

• Fixed or removable functional orthodontic appliances (e.g. ForsusTM, PowerscopeTM 
etc.) 
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Figure 12 CONSORT flow diagram outlining the enrolment of participants, their allocation to treatment groups, 
follow up and how they were analysed in the trial. 
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3.4.5 Randomisation and allocation concealment 

Balanced block randomization (block size of four) was used to ensure equal allocation of 
the intervention to each pair of contralateral and opposite quadrants. 

Allocation concealment was used to avoid selection bias. Computer-generated random 
numbers were provided in opaque, sealed envelopes before interventions. The investigator 
did not participate in the allocation, and the researcher managing the random sequence 
did not participate in the conducting of the interventions or measurements. 

3.4.6 Study Procedure 

A total of 119 patients were assessed for eligibility. Twenty patients were deemed eligible 
and willing to participate in the study. Informed written consent was obtained from each 
participant and they were given standardised manual toothbrushes (Colgate Slimsoft Ultra 
Compact Head) and fluoride toothpaste (Colgate Total 12 Original, Sodium Fluoride 0.32% 
w/w equiv. 1450ppm F). These toothbrushes and toothpaste were the only toothbrush 
and toothpaste to be used for the duration of their participation in the study and had to 
be brought to each orthodontic appointment. Toothbrushes were replaced with a new 
one given to each participant half way through the trial, at the end of their third 
appointment.  

During enrolment, each patient’s date of birth, gender and dominant hand that they use 
for toothbrushing was recorded. All study participants received a standardised set of oral 
hygiene instructions for home-based oral care. 

The trial commenced on August 2019 and ended on March 2020. A total of six, monthly 
sessions (T0 – T5) were planned (Figure 17). The intervention was delivered at the start of 
each participant’s monthly visit prior to conducting the orthodontic adjustment. 

The four separate dental quadrants; first quadrant (upper right), second quadrant (upper 
left), third quadrant (lower left) and fourth quadrant (lower right) received either Airflow 
treatment or a control intervention as depicted in Figure 14. 

At the beginning of the study, the Airflow intervention was randomly allocated to either 
Quadrants 1-3 or Quadrants 2-4, and those quadrants consistently received the 
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intervention across the five time-points of the trial. The remaining quadrants received a 
control intervention, which consisted of toothbrushing instruction following clinician 
guidance. 

 

Figure 13 The two treatment allocation alternatives as per a split-mouth design 

The clinical severity of gingival inflammation was evaluated via the collection of gingival 
index scores for each participant. Measurements were made with the use of a blunt 
periodontal probe prior to plaque disclosure, to ensure no prior disruption of the gingival 
tissues. The labial/buccal surfaces of each patient’s entire dentition were then disclosed 
using GC Tri Plaque ID disclosing gel (GC America Inc, Alsip, IL, USA). At the start of each 
participant’s monthly orthodontic adjustment appointment, they received the intervention 
treatments (Airflow and clinic-based tooth brushing instructions) to the quadrants of their 
mouth specified by their treatment allocation (Figure 14). 

Quantitative light-induced fluorescent images were obtained five months apart; that is at 
each participant’s first (T0) and last appointment (T5). The buccal surfaces of all teeth, 
excluding the central incisors, were objectively assessed for WSLs using proprietary Q-Ray 
software (C4 full clinical analysis suit v.1.36, Inspektor Research Systems B.V, Netherlands) 
(Figure 15).  
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Figure 14 Q-Ray C4 software interface. Note: five intraoral views for both T0 and T5 in 
lower left of window 

The four central incisors were not included in any measurements, due to potential bias 
from direct carry-across effect between the interventions performed in the respective 
contralateral and opposite quadrant. A lesion was only assessed if it showed both the 
distinctive white appearance under white-light and grey colouration under fluorescent light. 
All image acquisition was conducted in the same dark room to ensure no artificial or 
ambient light. Participant positioning was standardised by using a single fixed chair for all 
photographs and instructing the participant to sit upright with their feet firmly on the 
ground and head stable against the wall behind. Standardised cheek retractors were used 
to allow all buccal tooth surfaces to be imaged after 5 seconds of air drying. The QLF 
imaging device takes two pictures per exposure in instant succession; a white-light and 
fluorescence image. Both images were stored and subsequently analysed using the closed-
source software following completion of the study. All photographs were assessed in 
randomised order, by a single trained investigator, with no indication of the time in the 
study at which they were acquired. The analysis process for each image involved manually 
drawing a contour around the lesion ensuring that all contour points lay on sound enamel.  
The software uses the contour points to generate a reconstructed surface that represents 
sound enamel. The reconstructed surface was then visually evaluated for any irregularities 
(Figure 16). Correct selection of all contour points allows for a uniform colour within the 
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reconstructed surface. The software can then calculate the change in fluorescence (DF) as 

a percentage, by comparing the reconstructed surface to the lesion surface. 

  
Figure 15 Evaluation of a reconstructed surface (area within the blue line). A) Correct 
selection of contour points only on sound enamel – resulting in a uniform colour of the 
reconstructed surface, B) Incorrect selection of a single contour point (red circle) not being 
on sound enamel, but instead on the bracket – resulting in a non-uniform colour of the 
reconstructed surface. 

3.4.7 Intervention and control 

3.4.7.1 Airflow intervention 

Two contralateral and opposite quadrants of the mouth received the Airflow cleaning, as 
per the optimal clinical parameters determined by the ex vivo experiment conducted in 
Chapter 2. The operator aimed to maintain a distance of 10 mm from the air-polishing tip 
to the surface of the enamel. A set cleaning time of five seconds only, for each tooth in 
each quadrant was achieved using a stopwatch timer. The intervention was delivered at 
each participant’s monthly orthodontic visit (T0 – T5).  

An Airflow Handy 3.0 Plus handpiece (Electro Medical Systems, Nyon, Switzerland) was 
used with an erythritol based powder (particle size of 14µm) (Air-Flow Plus). The device 
settings were standardised at an air pressure of 5 bar, with a water flow rate of 20 mL/min. 
The Airflow intervention was conducted by a single trained operator. 

3.4.7.2 Control (Toothbrushing following oral hygiene instruction) 

The remaining two quadrants of the mouth, that were not treated with Airflow, were 
cleaned by the patient themselves, following clinic-based tooth brushing instruction of the 
Modified Bass technique, as illustrated in Appendix 7 (Kang 2015). The cleaning was 

A. B. 
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conducted straight after the Airflow treatment was finished and prior to any orthodontic 
adjustments being carried out. Routine toothbrushing following plaque disclosure was used 
as the control intervention as it is the gold standard intervention for plaque removal 
(Hobson and Clark 1998; Zachrisson 1974). 

A set brushing time, in seconds, was calculated for each quadrant by multiplying the number 
of teeth in the quadrant by five and achieved with a stopwatch timer. Participants brushed 
with their provided standardised toothbrush and toothpaste. The participants were 
instructed to use a set amount of toothpaste (‘pea-sized’ amount) at all times oral hygiene 
or home toothbrushing was conducted. 
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Figure 16 Outline of participant flow and measurement timepoints throughout the clinical 
trial 
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3.4.8 Outcome Measures 

3.4.8.1 Gingival index 

The purpose of the gingival index (GI) is to assess the clinical severity of gingival 
inflammation and its location for each patient. The GI, as developed by Silness and Löe, 
was assessed using a blunt periodontal probe (Löe and Silness 1963). Four locations around 
each tooth (buccal, mesial, distal and lingual) were given a score according to Table 4. GI 
was the first outcome measure to be assessed for each patient at the start of each monthly 
session, as to prevent any accidental disruption and bleeding of the gingiva. 

Table 5 Silness and Löe gingival index scores and associated gingival diagnoses 

Score Appearance Bleeding Inflammation 
0 Normal No bleeding on probing None 
1 Slight change in colour and mild 

oedema with slight change in 
texture 

No bleeding on probing Mild 

2 Redness, hypertrophy, oedema and 
glazing 

Bleeding on 
probing/pressure 

Moderate 

3 Marked redness, hypertrophy, 
oedema and ulceration 

Spontaneous bleeding Severe 

 

An average score was calculated for each quadrant and respective intervention. The 
average score was interpreted according to Table 5 (Hiremath 2011). 

Table 6 Levels of inflammation related to the average Gingival Index scores 

Average Gingival 
index score Interpretation 

2.1 – 3.0 Severe inflammation 
1.1 – 2.0 Moderate inflammation 
0.1 – 1.0 Mild inflammation 
< 0.1 No inflammation 
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3.4.8.2 Modified plaque index 

The modified Silness and Löe plaque index (PI) as described by Williams (Williams et al. 
1991) was used. The tooth was divided into mesial, distal, gingival, and incisal (occlusal) 
regions in relation to the orthodontic bracket (Figure 18). PI was measured twice at each 
timepoint, before and after the intervention. 

 

Figure 17 Modified Silness and Löe plaque index. The tooth is divided into mesial (M), 
distal (D), gingival (G), and incisal (I) regions for plaque measurement 

The PI was then scored in each area based on four codes (Table 6) used in the original 
Silness and Löe index (Löe and Silness 1963) and values summed to obtain a total score, 
which ranged between 0 and 16 for each tooth (Al-Anezi and Harradine 2012). 

Table 7 Criteria for scoring categories of modified Silness and Löe plaque index 

Score Criteria 
0 No plaque 
1 A film of plaque adhering to the free gingival margin and adjacent area of 

the tooth. The plaque may be seen in situ only after application of 
disclosing solution or by using the probe on the tooth surface. 

2 Moderate accumulation of soft deposits within the gingival pocket, or the 
tooth and gingival margin which can be seen with the naked eye. 

3 Abundance of soft matter within the gingival pocket and/or on the tooth 
and gingival margin. 
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3.4.8.3 Quantitative light-induced fluorescence 

Enamel demineralisation was assessed using quantitative light-induced fluorescence (QLF). 
White-light and fluorescent images were captured via the Q-Ray Pen C (Inspektor 
Research Systems, Amsterdam, Netherlands). For each lesion identified, the average 

fluorescence loss (DF%av) and WSL area were calculated (Figure 19). 

 

 

A secondary outcome measure of plaque pixel coverage was recorded as the simple 
hygiene score (SHS) for three of the five intraoral views obtained, including frontal, left 
buccal, and right buccal (Figure 20). Left quartering frontal and right quartering frontal views 
were not included due to potential overlap. Scores ranging from 0 to 5 points were 
automatically assigned according to the area of fluorescent dental plaque via the Q-Ray 
analysis software (C4 v.1.36, Inspektor Research Systems, Amsterdam, Netherlands).  

 

  

Figure 18 White-spot analysis A) T0 and B) T5 

A. 

B. 
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Figure 19 Simple hygiene score. Fluorescent image on left and white-light image on right. 
The SHS for each fluorescent image is displayed in the upper left corner. 
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3.4.9 Statistical analysis 

SPSS software (version 20.0, IBM, Chicago, IL, USA) was used for statistical analysis. Data 
were first analysed by descriptive statistics and normality tests. An intention-to-treat analysis 
was carried out using mixed-models and, where appropriate, non-parametric tests. 
Multilevel linear regression was used for the analysis to account for the clustering of teeth 
within participants. A Chi-squared test was conducted on these data. The QLF fluorescence 
value is a ratio scale and therefore was analysed by parametric statistics. For all statistical 

analyses, a error was set at 0.05 and P < 0.05 was considered significant. 

3.5 Results 

The trial commenced on August 2019 and ended on March 2020. A total of twenty 
patients were included in the study, sixteen boys and four girls. The average age of the 
participants was 16.1 years of age (SD = 1.8). Baseline (T0) mean scores for GI and PI were 
1.7 (SD = 0.6) and 1.8 (SD = 1.0), respectively. Nineteen of the participants are of New 
Zealand Caucasian ethnicity, whilst one participant was of Asian ethnicity. Half of the 
patients were in the first stage of comprehensive treatment (alignment and levelling), whilst 
the other half were at the second stage of comprehensive treatment (correction of molar 
relationship and space closure). Eleven participants had a Class I crowding malocclusion, 
nine a Class II malocclusion and none belonging to a Class III malocclusion. Extraction of 
one or more permanent teeth was the treatment chosen for twelve participants of the 
sample, whilst the remaining nine were treated with a non-extraction approach.  

3.5.1 Gingival and plaque index 

GI and PI were normally distributed (Shapiro–Wilk test, P > 0.05) and therefore they were 
analysed using parametric statistical tests.  

Overall, the mean value of GI at baseline was 1.64 (95%CL = 1.49-1.79) and did not change 
significantly with time (F=1.9; P=0.084) and between interventions (interaction term, time 
x intervention, F=0.244; P=0.943).  GI did not differ between sexes (F=2.5; P = 0.132), 
but was influenced by age (F=5.4; P=0.033), being worse in older study participants. 
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Figure 20 Boxplot representing GI scores prior to monthly treatment and control 

interventions, at each study time point. The box represents the interquartile range and 
include the median. The 5th and 95th percentiles are denoted by the bottom and top 

whiskers respectively. Extreme values (outliers) are also shown. Missing data is present at 
T5 n=10, T4 n=5, and T3 n=1. 

PI score taken at the start of each monthly appointment, prior to the scheduled 
intervention was 1.70 (95%CI 1.52-1.87) at the baseline (T0). It became slightly higher over 
time (+0.14, 95%CL 0.02-0.23; P=0.028), and there was no significant difference between 
the Airflow and Control interventions (interaction term, time x intervention, F=1.63; 
P=0.155). PI was neither associated with sex (F=1.6; P=0.219), nor with age (F=1.9; 
P=0.186). 

A marked drop in PI scores was noted between the pre-intervention and post-intervention 
plaque scores at each monthly timepoint. Airflow treatment consistently displayed twice 
the reduction in plaque, compared to OHI, for all time intervals (P<0.001). On average, 
Airflow treatment reduced the PI score of the quadrants treated by 1.5. The control 
intervention (i.e. tooth brushing following OHI) was found to be less effective, and only 
reduced the PI of the quadrants brushed by approximately 0.7. Neither intervention 
reduced plaque scores completely to zero.  
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Figure 21 Boxplot representing changes of PI scores at each study time point by 

treatment and control interventions. The box represents the interquartile range and 
include the median. The 5th and 95th percentiles are denoted by the bottom and top 

whiskers respectively. Extreme values (outliers) are also shown. Missing data is present at 
T5 n=10, T4 n=5, and T3 n=1. 

3.5.2 Fluorescence 

A total of 47 WSLs were identified and analysed at T0. Twenty-six were located in the 
quadrants undergoing Airflow treatment, and 21 were located in the control quadrants 

receiving OHI. The changes in fluorescence (DFav%) and lesion sizes (px2) were normally 

distributed (Shapiro–Wilk test, P > 0.05) and thus are presented as means ± 95% CI. The 
QLF data were compared using mixed model analysis. Over the five-month trial period, 
lesions started to improve. For both treatments, the WSLs on average reduced in size as 
shown by the reduction in lesion size (px2) (Figure 24). The enamel lesions examined also 

started to remineralise as shown by the mean increase in fluorescence (DFav%) (Figure 23). 

Changes in fluorescence (DFav%) and lesion size (px2) did not differ significantly between 

Airflow and OHI treatments (F=3.0; P=0.089; and F=1.1; P=0.311, respectively). 
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Figure 22 Mean change in fluorescence (DFav%) for treatment and control interventions 
at T0 and T5 with 95%CI 

 
Figure 23 Mean change in white-spot lesion size (px2) for treatment and control 

interventions at T0 and T5 with 95%CI 

       T0       T5 

       T0        T5 
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3.5.3 Simple hygiene score 

Dental plaque deposits, as represented by simple hygiene score (SHS), decreased for all 
participants over the course of the trial irrespective of intervention. Buccal sites exhibited 
significantly higher SHS compared to the anterior locations at both baseline and the end of 
the trial (P < 0.001). No significant difference in SHS was found between left and right 
sides (P = 0.834). 

 

Figure 24 Mean simple hygiene score at T0 and T5 with 95%CI 

3.6 Discussion 

Orthodontic patients with fixed appliances have greater levels of biofilm formation than 
those not undergoing any orthodontic treatment (Klukowska et al. 2011; Leung et al. 2006). 
There is a need for an efficient biofilm management tool, to better control the unwanted 
side-effect of this treatment modality and consequently prevent any potential negative 
outcomes resulting from increased dental plaque accumulation. This study investigated the 
efficacy of air-polishing in managing biofilm formation in patients wearing fixed orthodontic 
appliances, and found that GI and PI scores did not differ between the Airflow and the 
Control interventions during the study. A significant difference was found in the plaque 
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reduction immediately following intervention, with Airflow approximately two-fold greater 
than the control. 

Our findings concur with previous studies investigating the efficacy of air-polishing, in that 
we found the technique to be an efficient means of removing plaque from around bonded 
orthodontic brackets at the time of treatment (Barnes et al. 1990; Ramaglia et al. 1999). 
However, the five-month follow-up of our trial, indicated that although air-polishing 
demonstrates superior plaque removal at the time of intervention, this effect may be 
clinically insignificant over time. Future studies conducted over a longer time course would 
help to validate the chronic effects of regular Airflow treatments during orthodontics with 
fixed appliances.  

Over the duration of the trial, the reductions in GI scores were clinically insignificant. 
Gingival health effectively remained ‘constant’ throughout the course of the trial, despite 
routine intervention. An explanation for this finding could be the intervention frequency. 
Consecutive monthly-intervention is ineffective at reducing the degree of inflammation 
present in the gingival tissues, but more frequent intervention may result in different 
outcomes. Localised gingivitis develops in only 4-11 days and generalised gingivitis within 
2-3 weeks (Löe et al. 1965). A fair assumption, therefore, is that to effect a reduction in 
gingival inflammation, the time between interventions should be less than a two-week 
interval. Further research would be required to substantiate this hypothesis. A two-weekly 
interval was not chosen for this study, as the feasibility of fortnightly intervention is 
questionable and arguably impractical within the constraints of current orthodontic 
practice.  

Overall, PI slightly deteriorated over time regardless of intervention. While the worsening 
is statistically significant it may be not clinically relevant, thus indicating that overall oral 
hygiene was stable during the study. Explanation of this finding may be attributed to the 
time course of plaque development. Plaque accumulation is a relatively rapid process, when 
compared to the frequency of intervention conducted in this trial.  Within minutes, a tooth 

surface can become covered in pellicle up to 0.8 µm thick, and after 24 hours a clinically 

detectable, mainly Gram-positive plaque biofilm containing Streptococci and Actinomyces, 
can form on a previously completely clean surface (Shibly et al. 1995).  With comprehensive 
professional clinical removal of plaque only occurring every 30 days, it is not surprising that 
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patients presented with consistent levels of plaque at each appointment. Future research 
employing a shorter intervention frequency is would be needed to validate improved 
efficacy with shorter intervention intervals.  

Over the five month time course of this study, alteration in enamel demineralisation, as 
reflected by the change in fluorescence of WSLs, was not statistically significant for either 
treatment. However, some marginal difference was noted which could become significant 
in a larger sample. The lack of difference found, may be due to the relatively short trial 
length of five months. Demineralisation is a slow process that takes significant time and is 
always in a constant state of flux. Importantly, the equipment used and protocol proved 
feasible. The viability of the Qray pen C as a relatively affordable means of objectively 
quantifying enamel demineralisation in vivo has been substantiated through this trial.  

A split-mouth design was chosen to best maximise the information obtained from each 
study member within the constraints of the resources available. It allowed participants to 
act as their own controls and therefore increased the power of the study compared with 
a conventional parallel group design (Pandis et al. 2013). A split-mouth study design was 
also deemed beneficial as the largest potential source of bias was to be from individual 
variation between subjects in disease status.  

As a pilot, and preliminary, study, the underlying intent was to assess the feasibility of a 
future full scale RCT prior to significant investment of resources. Consequently, the sample 
size was relatively small which threatens the validity and generalisability of the studies’ 
results. Although small, the sample was selected using strict eligibility assessment criteria. 
All participants involved in this study were recruited from the Orthodontic Department of 
the Faculty of Dentistry, University of Otago, New Zealand. Some differences do exist 
between this sample population and the greater orthodontic population in New Zealand, 
of which the majority are treated in a private-practice based setting. Patients able to afford 
treatment in a private setting, generally come from higher socioeconomic status (SES) and 
in-turn exhibit better oral hygiene on average, compared to the lower SES patients treated 
in the dental school (Chen and Hunter 1996). The generalisability of our findings is 
restricted in this regard.  
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Within each group, gender distribution was not even. A ratio of 4:1, male to female was 
apparent for the sample. A higher proportion of male participants was expected and 
attributed to the set eligibility criteria, requiring at least two consecutive adjustment 
appointments, where poor oral hygiene was noted in their clinical record. On average 
males are known to exhibit poorer levels of oral hygiene, which accurately reflects the 
gender distribution within the sample (Fukai et al. 1999; Schulze and Busse 2016). 

RCTs represent the gold standard for the evaluation of the therapeutic effectiveness of 
novel interventions (Schulz et al. 2010). They are, however, expensive, resource heavy and 
very time consuming to conduct. Therefore prior to initiating any full-scale RCT, a pilot 
study often plays an important role in the preliminary planning (Abbott 2014).  Pilot or 
feasibility studies are used to help test the protocol and test outcome measures on a small 
scale prior to investing in a full RCT. This helps to pre-emptively identify most of the unseen 
weaknesses in a proposed trial. Testing procedures for their feasibility and acceptability, 
investigating recruitment rates and retention of participants, and calculating an appropriate 
sample size were some of the additional intents of this randomised feasibility trial (Eldridge 
et al. 2016). On completion of the study, various weaknesses were identified. Addressing 
these limitations would be required prior to embarking on a future trial.  

Indices are subjective visual grading systems that are used extensively in clinical trials to 
evaluate the efficacy of interventions. They are frequently used outcome measures as they 
are inexpensive, fast, methodologically straightforward and convenient. Their discriminatory 
power and reliability is acceptable, but stricter objective measures improve the overall 
quality of research (Raggio et al. 2010). Clinical indices rely on the examiner to consistently 
apply the index over time, and the sensitivity of scales is a concern. In our trial we aimed 
to address these issues by retrospectively analysing clinical digital photographs in a single 
sitting with one trained examiner. The modified Silness and Löe gingival and plaque indices 
were chosen for convenience, cost and as they are the most commonly used indices that 
can be applied effectively to teeth with orthodontic brackets (Suzuki and Misch 2018). Both 
are also considered the most valid and discriminatory of the relevant clinical indices available 
(Al-Anezi and Harradine 2012). 

Limitations of the split-mouth design include carry-across effects between quadrants of the 
mouth, period effects and difficulty in recruiting patients with similarity between 
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randomisation units (Lesaffre et al. 2007). Carry-across effects were relevant as the 
interventions performed in their respective quadrants could have potentially crossed the 
midline. This was accounted for by not including any measurements from the four central 
incisors. Period effects were not applicable as the interventions were both delivered at the 
start of each appointment. No difficulty was encountered with finding similar comparison 
quadrants within patients as at baseline plaque distribution was generalised and relatively 
symmetrical.  

QLF collects many outcome measures in addition to those analysed in our trial. Examples 

include the fluorescence loss integrated over lesion size (DQ) and plaque pixel coverage 

(DR30). In our study, QLF was primarily used to objectively quantify enamel 

demineralisation and not plaque levels. Simple hygiene scores were only collected as a 

secondary outcome measure. SHS does utilise plaque pixel coverage (DR30), which is a 

measure of the intensity of red fluorescence due to endogenous porphyrins from plaque 
bacteria (Volgenant et al. 2013). A recent article compared QLF images and images of 
disclosed plaque for planimetric quantification of dental plaque in multibracket appliance 
patients (Klaus et al. 2020). The authors concluded that a large discrepancy exists between 
the two methods, and QLF is currently not reliable for precise plaque quantification in 
patients with fixed appliances. Conventional photographs of stained plaque in their opinion 
remain the gold standard. Our results showed SHS decreased over the course of the trial, 
but no statistically significant difference was found, and in light of this very recent publication 
drawing any conclusions from SHS data may be questionable.  

A total target of six interventions were planned, however not all participants ended up 
receiving their allocated six interventions due to the global COVID19 pandemic 
eventuating towards the end of the trial. Of the twenty participants randomly allocated to 
the main intervention, ten attended all six appointments. Ten were unable to attend their 
final appointment (T5), five their last two (T4 & T5), and one their last three appointments 
(T3, T4 & T5). All data collected was incorporated into the analysis with an intention-to-
treat. 
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3.7 Conclusion 

The biofilm management techniques of Airflow and guided toothbrushing following OHI 
both reduced biofilm in patients wearing fixed orthodontic appliances. Airflow was twice 
as effective at removing biofilm than the traditional toothbrushing. This preliminary trial has 
laid grounds for a large sample RCT with long-term follow-up, which would be needed to 
determine if there is a true clinically significant difference between the two interventions.  
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Chapter 4  

General discussion 
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4.1 Introduction 

Fixed appliances promote biofilm formation in orthodontic patients (Freitas et al. 2014). 
Without regular effective biofilm removal, oral health can decline. Air-polishing empirically 
lends itself as a potential effective and efficient technique for the removal of biofilm in 
patients with fixed appliances due to the diffuse cleaning nature of the spray that enables 
easy cleaning around irregular complex surfaces, such as orthodontic brackets. The intent 
of this thesis was to systematically assess this assumption by building upon initial research, 
conducted at the University of Otago, that had established that the combination of an 
erythritol powder (Air-Flow Plus) and Airflow was safe to use on human enamel (Jiang 
2018). Secondly,  we developed a laboratory protocol to determine the optimal 
parameters for the use of Airflow on human enamel. Findings from Chapter 2 guided and 
effective use of the system in the next stage of the project. Thirdly, to compare the Airflow 
technique with the current standard practise in patients undergoing orthodontic treatment 
who were exhibiting recurrent episodes of poor oral hygiene and requiring prophylactic 
clinical intervention. A split-mouth, single-blind RCT was carried out, as part of Chapter 3, 
to investigate the efficacy of Airflow and also as a pilot for a future full-scale trial. Finally, 
the financial viability of Airflow compared to the current standard intervention (OHI) will 
be discussed briefly as part of this chapter. Ultimately, the overall aim of the project was to 
lay grounds for future research that could help guide clinicians towards an appropriate 
standard of care for patients exhibiting poor plaque management whilst under orthodontic 
treatment with fixed appliances. 

4.2 Biofilm management in orthodontic patients 

A comprehensive review of the literature, in Chapter 1, revealed a lack of quality evidence 
surrounding the use of Airflow in orthodontic patients, despite the procedure being 
available for years. The literature is unanimous that fixed orthodontic appliances increase 
plaque retention, and its associated negative consequences, by increasing the number of 
surfaces available for biofilm adherence, and impeding oral hygiene (Freitas et al. 2014). In 
addition, fixed appliances alter a patient’s oral environment, that in turn causes a temporary 
shift in the microbial profile within a patient’s mouth, to a more pathogenic spectrum of 
microorganisms (Ahmed et al. 2019; Lombardo et al. 2013). Collectively, these effects can 
manifest as the known iatrogenic side-effects of fixed appliances; gingival inflammation, 
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enamel demineralisation and WSLs. Measurement of such outcomes within the constraints 
of a clinical environment mainly revolve around the use of clinical indices. Numerous indices 
have been developed over time, leading to an extensive array for the researcher to choose 
from. As with any assessment tool there are advantages and disadvantages, an 
understanding of which is required in order to apply the most appropriate index to best 
answer the research aims. Advances in technology have resulted in new equipment and 
modern methods displaying greater precision and accuracy for measuring plaque. 
Quantitative light-induced fluorescence is an example of such a technological development. 
It is a research tool that provides an accurate and objective basis for the quantification of 
enamel demineralisation, thereby reducing bias and improving the quality of research data. 
Biofilm management in patients with fixed orthodontic appliances is not standardised and 
varies from clinician to clinician. A plethora of techniques and strategies have been 
proposed, but broadly speaking they can all be categorised as either mechanical, chemical, 
or other novel based methods. Examples include oral hygiene instruction, plaque disclosure, 
diet and nutritional advice, smooth surface and interproximal cleaning aids, professional 
tooth cleaning, various fluoride applications, chlorhexidine, casein phosphopeptide-
amorphous calcium phosphate formulations and other antimicrobial medicaments 
(Khoroushi and Kachuie 2017). More novel interventions include the use of oral probiotics, 
laser therapy, orthodontic material coatings and nanoparticles (Fernandes et al. 2018). 
Airflow is a contemporary air-polishing device, categorised as a mechanical-based form of 
biofilm management.  

Preliminary research (Jiang 2018) demonstrated that the manufacturing companies’ claim 
that erythritol powder has “the ability to efficiently remove biofilm whilst leaving soft and 
hard tissues unharmed” is somewhat ambiguous and misleading. Whether or not enamel 
is damaged by this particular powder (Air-Flow Plus), is dependent on the operational 
parameters under which the powder is used with the Airflow device. When used in close 
proximity (<10 mm) to the exposed surface with longer exposure times (>5 sec), 
detectable surface damage to the enamel results (Jiang 2018).  
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4.3 Optimal distance and exposure time of air-polishing for 

biofilm removal 

Prior to clinical testing, an ex vivo experiment was undertaken to test the effect distance 
and time has on the biofilm removal efficiency of Airflow using erythritol powder (Air-Flow 
Plus). A method for the preparation of standardised human enamel disks was designed. A 
laboratory protocol to grow a consistent Streptococcus mutans biofilm on enamel disks was 
created and then a customised mounting jig was fabricated to conduct the Airflow testing 
in a controlled manner. A digital planimetric approach utilising colour thresholding was 
tested and defined for quantification of surface biofilm. The ability of Airflow to remove 
dental biofilm was found to be significantly influenced by the distance and time of the 
exposure. A previous study also concluded that the efficacy of air-polishing devices is highly 
influenced by instrumentation time, instrument powder and water setting as well as 
distance between the handpiece orifice and the surface to be treated (Petersilka et al. 
2003). Within the constraints of our experiment, plaque removal consistently increased 
with increasing exposure time from 1 to 3 seconds as expected. No specific optimal 
exposure time was determined, but a positive correlation between exposure time and 
quantity of plaque removed was consistently observed for all distances tested. We found 
that a 10 mm distance from the tip of the device to the exposed surface should be used 
to ensure optimal functionality and greatest plaque removal efficiency for Airflow treatment 
using an erythritol powder. 

4.4 Efficacy of air-polishing in managing biofilm in patients wearing 

fixed orthodontic appliances 

A pilot RCT was conducted to determine if the use of Airflow at regular monthly 
orthodontic adjustment appointments was more effective in reducing biofilm formation, 
gingival inflammation and enamel demineralization, than the standard intervention of oral 
hygiene instruction and toothbrushing alone, in patients wearing fixed orthodontic 
appliances. The trial was a split-mouth design, single-blind RCT, over five-months. The 
participants were sourced from patients undergoing fixed orthodontic treatment at the 
Faculty of Dentistry, University of Otago, Dunedin, New Zealand. The intervention was 
Airflow treatment, and the control was guided toothbrushing following oral hygiene 
instruction. Outcome measures included the gingival index (GI), plaque index (PI), enamel 
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fluorescence loss (DFav%), and WSL area. Over the course of the trial, there was marginal 

improvement in gingival health with both interventions, as shown by a reduction in mean 
GI scores. At the time of treatment, Airflow was approximately twice as effective at 
removing plaque compared to the control, as shown by a two-fold larger reduction in PI 
scores. This immediate reduction in plaque by the Airflow treatment was found to not 
elicit a significant effect over time, as there was no statistical difference between the baseline 
and end of trial readings for WSLs.  

The clinical evidence surrounding the use of air-polishing in orthodontic patients is, currently, 
deficient. An early study regarding the efficacy of an air-polishing system in orthodontic 
patients, investigated the time required for the removal of stains and plaque from 
orthodontically bracketed and banded teeth (Barnes et al. 1990). Similar to our findings, 
they also concluded that air-polishing is time-efficient and effective for removal of plaque 
in orthodontic patients. That study had design limitations and risk of bias due to broad 
exclusion criteria and use of an inappropriate plaque index for orthodontically bracketed 
teeth (O'Leary et al. 1972).  The PI described by O’Leary (Figure 3D) inappropriately 
subdivides bracketed teeth and is less discriminatory than the modified Plaque Index 
described by Silness and Löe (Löe and Silness 1963). Additionally, the air-polishing system 
used in that study is no longer available, limiting its current clinical relevance. Our study 
used a contemporary air-polishing device and powder so offers an update to this previous 
research. 

A previous clinical trial has investigated the efficacy and efficiency of two professional 
prophylaxis procedures in orthodontic patients (Ramaglia et al. 1999), and compared the 
use of air-polishing with a rubber cup and pumice technique. The plaque index as described 
by Quigley-Hein modified by Turesky (Figure 3B), was employed for plaque assessment 
(Fischman 1988). The study demonstrated that both professional prophylaxis procedures 
were effective in orthodontic patients, with air-polishing being the most time-efficient 
procedure in orthodontic patients. A significant limitation in this study was that regular use 
of chlorhexidine mouthwash was used to induce staining in a portion of the patient sample, 
which may introduce significant bias as chlorhexidine could chemically reduce biofilm 
formation (Mandel 1988). To date, no study has compared the effect of air-polishing to 
standard clinic-based oral hygiene instruction and toothbrushing.  
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4.5 Clinical implications 

Findings from the ex vivo (Chapter 2) and in vivo (Chapter 3) studies have some notable 
clinical implications. Air-polishing with Airflow, is a technique sensitive procedure. The 
ability of the device to remove biofilm is significantly influenced by the distance of the nozzle 
tip to the exposed surface and the amount of time the intervention is applied for. To 
maximise the clinical efficiency of the handpiece, when using an erythritol powder, we 
recommend that the operator strive to maintain a distance of 10 mm from the surface to 
be cleaned. Practically, this can be challenging when using the device intraorally. A simple 
design modification to the handpiece that includes a physical depth guide, would help the 
clinician maintain this optimal distance and may be a valuable suggestion for the 
manufacture to consider. 

Operational parameters and the device settings directly influence the size and shape of the 
cleaned surface. Previous studies have investigated the effect different operational 
parameters and device settings have on biofilm removal from dentine and titanium surfaces 
(Tada et al. 2012; Tastepe et al. 2017). In a similar vein to our ex vivo study, the initial 
intention of these studies was to determine clinical parameters for the use of air-polishing. 
A repeatable pattern of a post-intervention film, which the authors named ‘islands’, was 
also noted as being dependent on the device settings. These central islands were attributed 
to powder coming out of the tip and directly contacting the surface without mixing with 
water (Tastepe et al. 2017). The similar circular pattern found in our study may also be 
attributed to this cause. Powder accumulation as ‘islands’, is an observation worthy of note, 
as it impairs the biofilm removal efficacy of the device, by shielding the plaque present in 
the centre of the spray. This results in no cleaning of the central portion of an intervention 
surface. However, the true clinical implications of this anomaly are likely minimal, as the 
device is not used in a static manner on patients, but instead is always moving therefore 
eliminating any central powder build-up. 

Within the constraints of the present RCT, the results suggest that Airflow treatment is 
more effective at the time of the intervention at removing plaque, compared to the current 
standard of OHI and toothbrushing. However, likely due to the intervention frequency, this 
effect appears to not result in a significant improvement in plaque levels or gingival 
inflammation between monthly presentation at regular adjustment appointments. 
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Regarding WSLs, a trend of reduction in lesion size and remineralisation was noted, but 
possibly due to the limited length of the trial the reductions were not significant. A future 
large sample RCT with long-term follow-up, would be required to determine if the trend 
continues with time and if there is a clinically significant difference between the two 
interventions and their potential positive effect on WSLs over time. 

4.6 Limitations 

Our ex vivo experiment was conducted to reveal the optimal time and distance for plaque 
removal via Airflow air-polishing. The experimental design only tested the device in a static 
manner with no movement of the handpiece and at a fixed angle to the surface. When 
performed intraorally in a clinical setting, the handpiece is used in a dynamic manner. Future 
research could extend our findings by reapplying the optimal test parameters found, but in 
a dynamic manner, to elucidate the effect of different movements on plaque removal. A 
dynamic protocol, similar to that used on titanium surfaces by Tastepe el al., could be a 
useful starting point for future study designs (Tastepe et al. 2017). Testing the device in 
active motion more accurately mimics how the device is actually used in clinical practice.  

Quantitative light-induced fluorescence was used in this trial to quantify enamel 
demineralisation. The reliability and validity of this new technique has been confirmed in 
the literature as acceptable for use in clinical trials (Benson et al. 2003b). QLF can be 
subdivided into two main steps; image acquisition and image analysis. The reliability of QLF 
results depends on the quality of the data obtained at the image acquisition stage and the 
conditions under which they are obtained (Smith et al. 2006). The device used for image 
acquisition (Qray pen C) is a form of intraoral camera.  A limitation of intraoral cameras is 
their limited focal length, that can affect focus and picture clarity. An additional limitation is 
that the inbuilt illumination at the head of the camera is fixed. This has implications for 
image quality, as angulation and distance of the lens to the surface being photographed will 
significantly influence the degree of exposure of the image. The resolution of the 
instruments and the ability to identify different landmarks are factors that may lead to errors 
in measurement (Smith et al. 2006). 

As previously discussed, assessment of gingival health and plaque levels through the use of 
clinical indices does have some limitations. They are visual grading systems that rely on 
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operator assessment. An inherent weakness of clinical indices is that they rely on the 
examiner to consistently apply the index over time. They are however cheap, convenient 
and widely accepted throughout the literature. For these reasons the most appropriate 
orthodontic specific indices were utilised in our pilot RCT.  

4.7 Economic perspective 

The majority of orthodontic treatment in New Zealand is carried out in the private sector, 
under a user-pays system. Improved facial and smile aesthetics are primarily what the 
majority of patients are seeking and paying for.  

Various types of economic data were also collected as part of the clinical trial, in addition 
to the primary and secondary outcome measures. The amount of powder used per patient 
was recorded by calculating the difference in the weight of the powder bottle pre- and 
post-intervention using digital scales (Kern & Sohn GmbH, Balingen, Germany). The time 
required to conduct the treatment was also collected for every intervention. The mean 
weight of powder used for all interventions was 5.24 grams (SD = 1.25) and the mean 
time per intervention was 143 seconds (SD = 31). In each participant only two quadrants 
received the Air-Flow intervention, so these numbers would need to be doubled if a patient 
was to receive a whole mouth treatment.  

The EMS Air-Flow Plus 3 handpiece retails for $740 NZD. Performance testing on the EMS 
Airflow Handy has indicated a minimal reuse life of 15 hours of use (Lin 1999). From our 
data a mean time for a single full mouth intervention was 286 sec or 0.0794 hrs.  The 
minimum amount of uses to be expected per unit before replacement may be required 
would be approximately 189 treatments (15 / 0.0794 = 188.9). The equipment cost per 
treatment is therefore approximately $3.92 NZD (740 / 189 = 3.92).  

The Air-Flow Plus powder (Ivoclar Vivadent, Auckland, New Zealand) is available in a four 
bottle pack for $160 NZD ($40 NZD per bottle). Each bottle contains 100 grams of 
powder. One bottle of powder provides approximately 10 full mouth treatments. The 
median hourly pay rate for a dental hygienist in New Zealand is currently $40.85 NZD 
(Payscale 2020). The cost per minute is therefore 68 cents. The active treatment time for 
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one whole mouth treatment is approximately 5 minutes (143 x 2 / 60 = 4.7 mins). Labour 
cost is 5 x 68 = $3.40 and powder is $4 per patient.  

The toothbrushes used in this trial were the Colgate Slimsoft Ultra Compact Head. They 
retail for $3.90 NZD each. Once opened a toothbrush has a recommended use life of 3 
months before replacement. Assuming a monthly intervention as per the intervention 
frequency in our study, and that reasonably the patients will take the toothbrush home to 
use twice daily between visits, then the equipment cost per treatment is therefore 
approximately $1.30 NZD (3.90 / 3 = 1.30). 

The fluoride toothpaste (Colgate Total 12 Original 200 gm, Sodium Fluoride 0.32% w/w 
equiv. 1450ppm F) retails for $6.49 NZD each. The recommended adult dose of 
toothpaste is a ‘pea-sized’ amount, which equates to 0.062 cubic inches per brushing 
(Association 2020). Each 200 g tube should contain ~196 doses ( 200 / 1.02cc = 196). 
The cost per dose is 3.3 cents (649 / 196 = 3.3).  

The overall approximate cost to deliver a single full mouth Airflow treatment is $11.32 
NZD, whilst OHI following toothbrushing is approximately $4.73 NZD. In summary, the 
cost to deliver Airflow compared to OHI and toothbrushing is almost two and half times 
greater. Obviously, the costs given are just a best estimate and variation from these exact 
prices may exist. 

Table 8 Associated costs of the two biofilm management techniques per treatment 

Treatment Equipment Expendables Labour Overall  

Airflow 3.92 4.00 3.40 11.32 

OHI and 
Toothbrushing 1.30 0.03 3.40 4.73 

- all costs listed are in New Zealand Dollars 

Logically, it seems possible that in a multi-chair private orthodontic clinic, patients could 
arrive slightly before their adjustment appointment with the orthodontist, and receive a 
prophylactic Airflow treatment with a hygienist. This would ensure that patients present to 
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the orthodontist for adjustment in a plaque-free condition. It would also allow the clinic 
staff to focus purely on their respective tasks, therefore ensuring efficient utilisation of staff 
expertise.   

4.8 Future research 

Qualitative research investigating the perceived benefit from Airflow air-polishing would 
offer great insight into the value of this treatment from the patient’s perspective. An 
effective means of collecting these data could be via questionnaires. An indication of 
whether or not they would be willing to pay an additional cost for this treatment, would 
help inform whether there is a potential market for this treatment. 

Throughout the course of the trial the examiner observed consistently lower pre-
intervention GI scores and plaque accumulation on the lingual/palatal surfaces of all patients. 
This pattern of plaque formation observed in our orthodontic patient sample, was 
consistent with the plaque formation rate index (Axelsson 1991). Intuitively, this is due to 
the fixed appliances increasing plaque retentive sites on the buccal surfaces of the teeth. 
However, there may be alternative explanations, such as the location of the salivary ducts 
and/or the natural cleaning contact from the tongue. Further research would be needed to 
compare the effect that the bonding location of the fixed appliances has on the intraoral 
tissues and substantiate if there is a difference between buccal and lingual appliances in this 
regard. 

Erythritol powder (Air-Flow Plus, Ivoclar Vivadent, Auckland, New Zealand) was selected 
for our trial as it is a contemporary reduced-particle size powder, that does not cause 
enamel damage when used correctly. The EMS Handy handpiece was the system used to 
apply the treatment. Numerous different powders and systems are available and 
comparison between them would offer insight into the advantages and disadvantages of 
different combinations. 

The rate of orthodontic space closure is highly dependent on static friction when sliding 
mechanics are used. Microbial plaque accumulation on orthodontic archwires could 
increase the frictional resistance, thereby slowing tooth movement (Raji et al. 2014). The 
use of Airflow air-polishing to clean biofilm build-up from archwires could have an effect 
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on the rate of tooth movement which would be another clinically relevant consequence 
of Airflow treatment in orthodontic patients and warrants future in vivo studies.  

4.9 Concluding remarks 

The demand for orthodontic treatment continues to increase as society becomes more 
and more image conscious. Fixed appliances remain the most common treatment modality, 
yet they are still too often are associated with iatrogenic damage and a compromised 
outcome due to poor biofilm management during the course of treatment. Advances in 
technology have introduced new products and techniques that offer the promise of 
significant reductions in the potential deleterious effects of poor patient oral hygiene. One 
such tool is Airflow, which was investigated in this thesis. The system has many advantages, 
such as time efficiency, being easy to use, well tolerated, and an overall effective mechanical 
method for removing biofilm around fixed orthodontic brackets. Unfortunately, however, 
it is not a magic bullet that will remove the need for sufficient patient co-operation and 
participation in their own oral care throughout orthodontic treatment. Fundamentally, both 
the clinician and the patient must assume a level of shared responsibility for the ultimate 
outcome of any orthodontic treatment. 
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5.1 Appendix 1: Ethics approval 
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5.2 Appendix 2: Maori consultation 
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5.3 Appendix 3: In vivo information sheets  

Information Sheet for Participants or Parents/Guardians 

Study title Management of biofilm formation with air-flow in patients with fixed orthodontic appliances 

Principal 

investigator 

James Millar, DClinDent (Ortho) candidate 

Department of Oral Sciences, Faculty of Dentistry 

0273347306 

 

Introduction 

Thank you for showing an interest in this project. Please read this 
information sheet carefully. Take time to consider and, if you wish, 
talk with relatives or friends, before deciding whether or not to 
participate.  

If you decide to participate we thank you.  If you decide not to take part there will be no disadvantage to 
you and we thank you for considering our request.  

 

What is the aim of this research project? 

We intend to investigate the efficacy of Air-Flow in enhancing oral hygiene in patients wearing braces and 
see whether it can reduce plaque and caries risk, and offer patients a low cost yet effective oral health care. 

 

Who is funding this project? 

New Zealand Dental Association Research Funding 

Sir John Walsh Research Institute Research Funding 

 

Who are we seeking to participate in the project? 

We are seeking patients who are wearing braces, with the age 10-30 years and having at least 20 natural 
teeth; and have no systemic disease (e.g. diabetes), gum disease, antibiotic therapy, smoking, or use of 
electronic toothbrush. 
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If you participate, what will you be asked to do? 

We will provide you with complimentary toothbrushes and toothpaste. We will examine your oral hygiene 
each month at your orthodontic visit, and use Air-Flow to clean some of your teeth and braces. After six 
months and twlve months, we will also examine your teeth to see whether the Air-Flow can reduce the risk 
of caries. 

 

Is there any risk of discomfort or harm from participation? 

No harm is anticipated during the study because the Air-Flow is a clinically convenient cleaning procedures 
that has already been proved to be safe, effective and time-efficient for the patients with gum diseases.  

In order to assess the effect of Air-Flow on prevention of caries, the same two quadrants of your mouth are 
to be used during the study. We do not anticipate any difference, e.g. staining or aesthetics, compared with 
the other two quadrants during the study. In addition, we will examine your teeth on a regular basis of every 
month. 

What specimens, data or information will be collected, and how will they be used?  

We will score your oral hygiene using plaque and gingival indices. We will assess the risk of tooth decay using 
a “dental pen” (qauantitative light-induced fluorescence). We will use these data to evaluate whether the 
Air-Flow could enhance oral hygiene and reduce the risk of tooth decay in patient with braces. 

What about anonymity and confidentiality? 

All data will be collected and stored anonymously and confidentially. 

If you agree to participate, can you withdraw later? 

You have completely freedom to withdraw from the study anytime. 

Any questions? 

If you have any questions now or in the future, please feel free to contact either: 

James Millar, DClinDent (Ortho) candidate 

Department of Oral Sciences, Faculty of Dentistry 

0273347306 

Peter Mei, Senior Lecturer 

Department of Oral Sciences, Faculty of Dentistry 

02102439799 

This study has been approved by the University of Otago Human Ethics Committee (Health). If you have any concerns about the ethical conduct 
of the research you may contact the Committee through the Human Ethics Committee Administrator (phone +64 3 479 8256 or email 
gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and investigated and you will be informed of the outcome.  
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Information Sheet for Children Participants 

Study title Management of biofilm formation with air-flow in patients with fixed orthodontic appliances 

Principal 

investigator 

James Millar, DClinDent (Ortho) candidate 

Department of Oral Sciences, Faculty of Dentistry 

0273347306 

 

Introduction 

Thank you for showing an interest in this study. Please read this 
information sheet carefully. Take time to consider and, if you wish, 
talk with your parents or friends, before deciding whether or not 
to join us. If you decide to participate we thank you; if you decide 
not to take part, your braces treatment will not be affected by 
your decision at all. 

 

What is the aim of this research project? 

Braces make it more difficult to brush teeth properly and can increase the build-up of plaque (which houses 
bad dental bugs) in these hard-to-brush areas. We intend to investigate the effect of Air-Flow in improving 
your oral hygiene and see whether it can reduce plaque and tooth decay. 

 

Who are we seeking to participate in the project? 

We are looking for patients who are wearing braces, with the age 10-30 years and having at least 20 natural 
teeth; have no systemic disease (e.g. diabetes), gum disease, antibiotic therapy, smoking, or use of electronic 
toothbrush. 

 

If you participate, what will you be asked to do? 

We will provide you with complimentary toothbrushes and toothpaste during the study.  

We will examine your oral hygiene each month during your orthodontic visit, and use Air-Flow to clean some 
of your teeth and braces. After six months and twlve months, we will also examine your teeth to see whether 
the Air-Flow cleaning can reduce the risk of tooth decay. 

 

Is there any risk of discomfort or harm from participation? 
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No harm is anticipated during the study. This is because the Air-Flow cleaning has been proven to be a safe, 
effective and time-efficient for the patients with gum diseases already. In order to assess the effect of Air-
Flow on prevention of tooth decay, the same two quadrants of your mouth (for example, teeth on the top 
left and bottom right sides in your mouth) are to be cleaned by Air-Flow during the study. We do not 
anticipate any difference, such as staining or aesthetics, compared with the other two quadrants during the 
study. In addition, we will examine your teeth on a regular basis of every month. 

 

What specimens, data or information will be collected, and how will they be used?  

We will score your oral hygiene using plaque and gingival indices. We will assess the risk of tooth decay using 
a “dental pen” (qauantitative light-induced fluorescence). We will use these data to evaluate whether the 
Air-Flow could enhance oral hygiene and reduce the risk of tooth decay in patient with braces. 

 

What about anonymity and confidentiality? 

All data will be collected and stored anonymously and confidentially. 

If you agree to participate, can you withdraw later? 

You have completely freedom to withdraw from the study anytime. 

Any questions? 

If you have any questions now or in the future, please feel free to contact either: 

James Millar, DClinDent (Ortho) candidate 

Department of Oral Sciences, Faculty of Dentistry 

0273347306 

Peter Mei, Senior Lecturer 

Department of Oral Sciences, Faculty of Dentistry 

02102439799 

This study has been approved by the University of Otago Human Ethics Committee (Health). If you have any concerns about the ethical conduct 
of the research you may contact the Committee through the Human Ethics Committee Administrator (phone +64 3 479 8256 or email 
gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and investigated and you will be informed of the outcome. 
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5.4 Appendix 4: Informed consent forms 
Management of biofilm formation with air-flow in patients with fixed orthodontic appliances 

CONSENT FORM FOR PARTICIPANTS 

Following signature and return to the research team this form will be stored in a secure place for ten 
years. 

Name of participant:       

1. I have read the Information Sheet concerning this study and understand the aims of this research project. 
2. I have had sufficient time to talk with other people of my choice about participating in the study.   
3. I confirm that I meet the criteria for participation which are explained in the Information Sheet. 
4. All my questions about the project have been answered to my satisfaction, and I understand that I am 

free to request further information at any stage.  
5. I know that my participation in the project is entirely voluntary, and that I am free to withdraw from the 

project before its completion. 
6. I know that as a participant I will let my orthodotnists to examine my mouth and teeth regarding the 

status of my oral hygiene and caries status. 
7. I know that I can withdraw from the project without disadvantage of any kind. 
8. I understand the nature and size of the risks of discomfort or harm which are explained in the 

Information Sheet. 
9. I know that when the project is completed all personal identifying information will be removed from 

the paper records and electronic files which represent the data from the project, and that these will 
be placed in secure storage and kept for at least ten years.  

10. I understand that the results of the project may be published and be available in Otago University 
Library. I agree that any personal identifying information will remain confidential between myself and 
the researchers during the study, and will not appear in any spoken or written report of the study. 

11. I know that there is no remuneration offered for this study, and that no commercial use will be made 
of the data.  

Signature of participant:  Date: 

   

   

 

Name of person taking consent  Date: 
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Management of biofilm formation with air flow in patients with fixed orthodontic 
appliances 

CONSENT FORM FOR CHILD PARTICIPANTS 

I have been told about this study and understand what it is about. All my questions have 
been answered in a way that makes sense. 

I know that: 

1. Participation in this study is voluntary, which means that I do not have to take part if I 
don’t want to and nothing will happen to me. 

2. I can stop taking part at any time and don’t have to give a reason. 
3. If I have any worries or if I have any other questions, I can talk to the researchers about 

them. 
4. Papers and computer files with my information will only be seen by the researchers 

and the people they are working with. They will keep whatever I say private. 
5. I will receive free toothbrushes and toothpastes during the study as thanks for helping 

out. 
6. The researchers will write up the results from this study for their University work. The 

results may also be written up in journals and talked about at conferences. My name 
will not be on anything the researchers write up about this study. 

 
I agree to take part in this study. 
 
.............................................................................   ............................... 
(Signature of participant)    (Date) 
 
............................................................................. 
       (Printed Name) 
This study has been approved by the University of Otago Human Ethics Committee. If you have any concerns 
about the ethical conduct of the research you may contact the Committee through the Human Ethics Committee 
Administrator (ph 03 479 8256 or email gary.witte@otago.ac.nz). Any issues you raise will be treated in 
confidence and investigated and you will be informed of the outcome. 
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Management of biofilm formation with air flow in patients with fixed orthodontic 
appliances 

 
CONSENT FORM FOR PARENTS/GUARDIANS 

I have read the Information Sheet concerning this project and understand what it is about.  
All my questions have been answered to my satisfaction.  I understand that I am free to 
request further information at any stage. 

I know that:- 

1. My child’s participation in the project is entirely voluntary; 
2. I am free to withdraw my child from the project at any time without any disadvantage; 
3. Personal identifying information will be destroyed at the conclusion of the project but any raw 

data on which the results of the project depend will be retained in secure storage for ten 
years; 

4. If I have any worries or if I have any other questions, then I can talk about these with the 
researchers. 

5. My child will receive free advice on oral hygiene, free toothbrushes and toothpastes during 
the study as thanks for taking part.  

6. The researchers will write up the results from this study for their University work. The results 
may also be written up in journals and talked about at conferences. My child’s name will not 
be identified on anything the researchers write up about this study. 

 
 
I agree for my child to take part in this study 
 
 
 
.............................................................................   ............................... 
       (Signature of parent/guardian)   (Date) 
 
 
............................................................................. 
       (Name of child) 
 
This study has been approved by the University of Otago Human Ethics Committee. If you have any concerns about the 
ethical conduct of the research you may contact the Committee through the Human Ethics Committee Administrator 
(ph 03 479 8256 or email gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and investigated 
and you will be informed of the  
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5.5 Appendix 5: Clinical recording sheets 

Modified Plaque Index Score – Recording sheet 
Patient Number:  _______________ 
Measurement Number: _______________ 
Measurement Date:  _______________ 
 
 16 15 14 13 12 11  21 22 23 24 25 26 

Gingival       Gingival       

D M             M D             

Incisal       Incisal       

Total       Total       

 46 45 44 43 42 41  31 32 33 34 35 36 

Gingival       Gingival       

D M             M D             

Incisal       Incisal       

Total       Total       
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Gingival Index Score – Recording sheet 
Patient Number:  _______________ 
Measurement Number: _______________ 
Measurement Date:  _______________ 
 
 16 15 14 13 12 11  21 22 23 24 25 26 

Buccal       Buccal       

D M             M D             

Palatal       Palatal       

Total       Total       

 46 45 44 43 42 41  31 32 33 34 35 36 

Lingual       Lingual       

D M             M D             

Buccal       Buccal       

Total       Total       
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5.6 Appendix 6: Protocol flow diagram 

 

  Eligible patient identified with poor oral hygiene record

Information sheet given and consent 
obtained

Randomly allocated into either group A or Group B

Frontal, Left Buccal and Right buccal intraoral photos taken

Gingival Score recorded

Full mouth plaque disclosure

Modified Plaque Index score 
(pre) recorded on sheet

Intervention conducted on specific quadrants as 
defined by Group Allocation 

Modified Plaque index (post) recorded on sheet

Post intervention Intraoral 
photos

Recall in 1 month & repeat
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5.7 Appendix 7: Oral hygiene instruction sheet 
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5.8 Appendix 8: Scientific peer review 
Date 06/07/2018 

Research Title Management of biofilm formation with air flow in patients with fixed orthodontic appliances  

Researcher Name James Millar 

Reviewer Name Simon Guan  

Department Oral Diagnostics & Surgical Sciences 

REVIEW 
GUIDELINE 

GUIDELINE PROMPTS COMMENTS    
 

Relative merit 
of the 
research 

• Important, worthwhile and justifiable.  
• Addresses a health issue that is important for health and/or 

society.  
• Aims, research questions and hypotheses build on and address 

gaps in existing knowledge. 

Air-Flow has been found to be effective and safe for periodontal patients but it 
is still unclear whether it is effective and time efficient for patients wearing fixed 
braces. The research questions and hypotheses will address gaps in literature, 
and may further contribute to daily clinical practice. The research is deemed 
important and its objectives are justifiable. 

Design and 
methods 

• Quality of study design 
•  Robustness of the methods used.  
• Includes a description of sample recruitment and characteristics 

(including number, gender and ethnicity where relevant) proposed 
methods of data analysis.  

• Timelines for the research  included 

The study design and methodology are scientific and based on the published 
journal articles. The proposed methods of data analysis have been indicated, and 
the power calculation of sample size has been adequately explained.  
The study design and methodology had already been assessed by the research 
grant committees such as New Zealand Dental Association. 

Feasibility of 
the research 

• Overall strategy, methodology and analyses  are well reasoned and 
appropriate to achieve the specific aims of the project.  

The study appears to be achievable within the proposed timeframe. Considering 
the researchers also plan to assess the long-term outcome (caries risk), it is 
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•  Likely to improve scientific knowledge, concepts, technical 
capacity or methods in the research field, or of contributing to 
better treatments, services, health outcomes or preventive 
interventions. 

• Achievable within the specified timeframe 
• Researcher/research team has the appropriate experience and 

expertise  

recommended that they plan the time carefully so that they can complete on 
time. 
 
The research team includes academics and experts across various disciplines. The 
overall methodology, strategy and statistical analyses are robust and should 
achieve the specific aims of the study.  
 
The study will use contemporary techniques such Quantitative Light-Induced 
Fluorescence thus the results should be beneficial to researchers as well as 
patients. 

Presentation 
of the 
application 

• Appropriate overall presentation, including structure, 
‘understandability’, clarity and readability 

• In general the way in which the application reads and gets the 
message across reflects well planned and conceived research.  

The overall presentation of the application and research protocol is appropriate 
and clear, reflecting a well planned and conceived research.  

Other 
comments 

Any reviewer observations that are not covered in the points above  Nil 
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