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Abstract
Background: Periodontitis is one of the most prevalent diseases of mankind,
characterised by dysbiotic subgingival plaque biofilms and chronic gingival
inflammation. If left untreated, inflammation results in irreversible bone
resorption and tooth loss, with both nutritional and psychosocial consequences
for patients. Periodontitis has become increasingly associated with systemic comorbidities including rheumatoid arthritis, suggesting it’s impact may extend
beyond the oral cavity. Periodontal treatment involves mechanical biofilm
disruption, which is often only partially successful. Moreover, potentially
detrimental systemic effects have been reported following intensive full-mouth
periodontal debridement. This thesis sought to evaluate the host and microbial
response to non-surgical periodontal therapy.
Methods: Clinical parameters and samples were obtained from two independent
clinical studies. The first was a longitudinal cohort study (n=42), the second was
a randomised controlled trial with patients receiving full-mouth debridement
performed exclusively with hand (n=19) or ultrasonic instruments (n=18).
Results: The cohort study demonstrated widespread improvement in periodontal
clinical parameters. There were no changes in surrogate markers of systemic
inflammation or autoimmunity at 90 day follow-up (chapter 2). There were
notable alterations to local cytokine profiles (saliva/GCF), which were
accompanied by shifts in the subgingival plaque microbiota (chapter 3). The
second study evaluated the systemic inflammatory response following full-mouth
debridement. Although treatment induced an increase in serum CRP at day 1,
there were no differences between groups and the magnitude of response was
markedly lower than has been previously reported (chapter 4). Hand and
ultrasonic instruments also induced comparable clinical and microbial outcomes
(chapter 5). Notably, in both studies, differences in the post-treatment
subgingival plaque composition appeared independent of residual disease.
Conclusion: There were no differences in the systemic inflammatory response
following hand or ultrasonic instrumentation, and the clinical significance of this
systemic response must be further substantiated. There was disparity in
microbial outcomes following NSPT, and future studies should seek to establish
whether compositional differences dictate long-term disease recurrence.
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Preface
Chapter 1 provides a general introduction to the thesis, outlining the current
understanding of the clinical, microbial and immunological aspects of
periodontitis. The methods by which periodontal treatment is performed are
also discussed, alongside the techniques used to study clinical samples.
Chapter 2 investigates whether periodontal treatment can reduce serum
markers of inflammation, anti-CCP2 IgG titres, and IgG antibodies reactive
against periodontal bacteria. Patients suffering from periodontitis received
treatment over various visits (n=42), with serum collected at baseline and 90
days after the last treatment visit.
Chapter 3 evaluates local cytokine profiles (GCF, saliva) and the subgingival
plaque microbiota within the same cohort as chapter 2. The relationship
between these variables and clinical disease severity at baseline, longitudinal
alterations following treatment and associations with treatment response were
evaluated.
Chapter 4 presents the primary outcomes from a randomised controlled trial,
designed to establish whether the systemic inflammatory response to full-mouth
debridement differs following instrumentation with hand (n=19) or ultrasonic
instruments (n=18). Clinical parameters and local inflammatory cytokines were
also compared between treatment groups.
Chapter 5 investigates the impact of different instruments on periodontal
biofilms both in vitro and in vivo. The in vivo section compares the subgingival
plaque microbiota from patients within the randomised controlled trial of
chapter 4. Additionally, the reformation of this polymicrobial biofilm community
was assessed with longitudinal profiling at baseline, days 1, 7 and 90 posttreatment.
Chapter 6 provides context to the major findings from this thesis, highlights
general limitations of the work presented and outlines possible avenues of future
research.
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Chapter 1
General introduction

1

1.1. Periodontal disease
1.1.1. Overview
Periodontal disease refers to a range of conditions impacting the support
apparatus of teeth, such as the gingival tissue, alveolar bone and periodontal
ligament. The most common periodontal diseases are gingivitis and periodontitis
(PD), often collectively termed ‘gum-disease’. Gingivitis is primarily caused by
the accumulation of dental plaque biofilms, although may also be modified by
other local or systemic stimuli (Trombelli et al., 2018). Common symptoms of
gingivitis including swelling, tenderness and enlargement of the gingival tissue
(Tonetti et al., 2015). Most cases of gingivitis are mild and painless, with many
patients being unaware of having the disease (Blicher et al., 2005). Unlike PD,
gingivitis is reversible upon effective removal of the aetiologic agent (usually the
dental plaque biofilm), and there is no permanent loss of tooth supporting
structures (Murakami et al., 2018).
If left untreated, gingivitis may progress to PD in susceptible patients (Ammons
et al., 1972, Page and Schroeder, 1976). In PD, inflammation results in
irreversible destruction of periodontal ligament and alveolar bone, with
corresponding loss of attachment and formation of deep periodontal pockets
(figure 1.1). Deep pockets allow biofilms to form beneath the gumline
(subgingivally), where they can no longer be effectively removed via routine oral
hygiene procedures such as toothbrushing and flossing. As such, periodontal
pockets create an anaerobic and protected environment for biofilms to grow and
mature causing further inflammation in a continuous cycle (Van Dyke et al.,
2020). Ultimately, destruction of the tooth supporting apparatus results in tooth
loss which negatively impacts patients quality of life with both nutritional and
psychosocial consequences including physical appearance, mastication and
speech (Chapple, 2014).
The following chapter outlines the epidemiology, clinical manifestations, host
and microbial mechanisms and treatment of PD, with a particular emphasis on
studies involving human subjects.
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Figure 1.1. The clinical differences between health and periodontitis. Periodontitis is
associated with the development of subgingival plaque biofilms, periodontal pocketing,
alveolar bone loss and gingival inflammation. Image created using BioRender.

1.1.2. Epidemiology and economic burden
Periodontal disease is the most ubiquitous bone-destructive, inflammatory
disease of mankind, affecting 20-50% of the total global adult population (Sanz
et al., 2010). As of 2016, severe PD is ranked eleventh among all diseases for
global prevalence (Global Burden of Disease., 2017, Nazir et al., 2020). It is
estimated that roughly 796 million individuals suffer from severe PD worldwide
with an age-standardised prevalence of 9.8% (Bernabe et al., 2020). The
prevalence of severe PD peaks at 60-64 years of age, after which it plateaus
(Bernabe et al., 2020). In the United Kingdom roughly 6.4% of adults suffer from
severe PD (Kassebaum et al., 2014), whilst only a minority (17%) have ‘very
healthy’ periodontal tissue according to the Adult Dental Healthy Survey 2009
(White et al., 2012).
The high prevalence of PD, particularly in severe forms, contributes to a
substantial global economic burden. The indirect costs associated with all dental
diseases are estimated to be $144.25 billion per year, with severe PD
contributing $53.99 billion (37%) of this cost (Listl et al., 2015). Indirect costs
largely reflect lost productivity or missing work through this condition, with a
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combined global rate of 3.5 million years lived with disease throughout 2016
(Bernabe et al., 2020, Nazir et al., 2020). Severe PD also accounts for a large
portion of the $295.67 billion per year that is estimated to be spent on direct
treatment costs of dental diseases, of which Western Europe accounts for $91.05
billion (Listl et al., 2015, Tonetti et al., 2017). Recent modelling from the
European Federation of Periodontology (EFP) suggest that the cost of diagnosing
and treating 90% of PD cases in the United Kingdom may exceed €175 billion,
however, does provide a positive return on investment over a 10 year period
(European Federation of Periodontology, 2021). With an aging population and
increased tooth retention these costs continue to rise, with a 57.3% increase in
the burden of periodontal disease between 1990 and 2010 (Jin et al., 2016).

1.1.3. Risk factors
Whilst dental plaque biofilms are required for development of PD, they are not
solely sufficient for its progression. A seminal study by Löe et al documented
that the association between PD and plaque was relatively weak among 480
participants across 15 years (Löe et al., 1986). In this study, workers at tea
plantations in Sri Lanka were classified into those with rapidly progressing PD,
those with moderately progressing PD and those with no progression of PD
beyond gingivitis, despite no participants performing conventional oral hygiene
procedures. It was found that groups did not differ with respect to plaque
indices, indicating that PD is not simply a result of dental plaque. Indeed,
additional factors have been shown to increase the risk of PD development
including age, smoking, systemic conditions and genetics.
Ageing is associated with an increased incidence of PD (Grossi et al., 1994,
Grossi et al., 1995, Bernabe et al., 2020), although this is believed to be a
reflection of the cumulative damage induced over time rather than increased
rates of destruction (Van Dyke and Sheilesh, 2005). In contrast, smoking is a
major risk factor for PD and can influence the extent and severity of disease.
Evidence from over 12,000 participants in the third National Health and
Nutrition Examination Survey (NHANES III) in the United States found that this
response is dose dependent, with heaviest smokers being at the highest risk
(odds ratio [OR]: 5.88), followed by milder smokers (OR: 2.79) and former
smokers (OR: 1.68) compared with non-smokers (Tomar and Asma, 2000).
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Furthermore, this response is not limited to cigarettes with similar findings
observed with cigar and pipe smoking (Albandar et al., 2000). The mechanism by
which smoking elevates risk of PD is thought to be multifactorial, related to both
impairment of the host immune system (Ryder, 2007, Lee et al., 2012) and
modulation of the subgingival plaque composition (Haffajee and Socransky,
2001, Jiang et al., 2020). Whilst epidemiological evidence pertaining to
electronic cigarettes is still in its infancy, there is evidence to suggest that they
may also modify the host immune response and the subgingival plaque
microbiome towards that comparable with disease (Ganesan et al., 2020).
The most well established systemic condition associated with PD development is
diabetes mellitus caused by a lack of insulin production or response, resulting in
elevated blood glucose levels. Diabetic patients are roughly three times more
likely to suffer PD than non-diabetic controls, with suggestion that a bidirectional relationship may exist (Preshaw et al., 2011). Evidence from NHANES
III found poorly controlled diabetic patients have a greater prevalence of PD
(OR: 2.90) compared with well controlled patients (OR: 1.56) (Tsai et al., 2002).
As such, poorly controlled diabetes has been included as a modifiable risk factor
in the most recent PD classification guidelines (Caton et al., 2018, Dietrich et
al., 2019). It is believed that diabetes may increase periodontal inflammation
and thereby predispose patients to PD, with additional roles in immune
functioning and neutrophil activity (Taylor et al., 2013).
A genetic predisposition to PD development has also been reported. An early
study profiling clinical parameters in monozygotic and dizygotic twins indicted
that roughly 50% of PD susceptibility is inherited, which was not the case for
gingivitis (Michalowicz et al., 2000). Later work employing a similar study design
confirmed a role for genetics in PD development, although suggest that the
magnitude of genetic influence has been previously overestimated (Torres De
Heens et al., 2010). Evidence for the genetic basis of PD has been strengthened
in recent years by large-scale analysis of single nucleotide polymorphisms. For
example, a metanalysis of over 71,000 participants documented that
polymorphisms in genes encoding proinflammatory cytokines (interleukin family)
and matrix metalloproteinases (MMPs) are associated with PD development (Da
Silva et al., 2017), whilst genome wide association studies (GWAS) have
identified several additional risk loci (Munz et al., 2017, Munz et al., 2019).
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1.2. Clinical classification of periodontitis
1.2.1. Periodontal examination
1.2.1.1. Clinical assessment
Several indices are employed to measure the severity of PD, assessed using a six
point pocket chart in which clinicians measure different variables around teeth
(figure 1.2). The most common index is periodontal probing pocket depths (PPD)
- representing the depth from the top to the base of the pocket measured using
a periodontal probe. The top of the pocket is also termed the location of
gingival margin (LGM) which can be measured relative to the cementoenamel
junction (CEJ). From here PPD and LGM can be combined to measure clinical
attachment level (CAL). These parameters are measured in millimetres (mm)
with a generally accepted error of 1 mm in either direction. Clinicians also
measure bleeding on probing (BoP) scores, usually by dichotomously measuring
the presence or absence of bleeding, which is presented as a percentage of total
sites (Ainamo and Bay, 1975). Similarly, several plaque indexes are employed in
clinical use. In the studies within this thesis, the plaque index is measured by
assigning a binary score (0, 1) at each site (O'leary et al., 1972). More recent
incorporation of several parameters has also led to the development of a novel
parameter – the periodontal inflamed surface area (PISA) - which is discussed
extensively within chapter 2.

Figure 1.2. Parameters assessed during a periodontal examination. CEJ;
cementoenamel junction, BoP; bleeding on probing, PPD; periodontal probing pocket
depth, CAL; clinical attachment level. Black dots around the tooth represent sites at
which clinical parameters are recorded. Image created using BioRender.
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1.2.1.2. Radiographic assessment
Radiographs may be used to aid in the diagnosis and monitoring of PD. This
technique is used to image the underlying bone structure, offering information
such as root length and residual bone support which cannot be gathered by
periodontal probes (Corbet et al., 2009). For many patients, radiographs may
not be required and clinicians must therefore justify its use against the risks
posed by ionising radiation (Tugnait et al., 2000).

1.2.2. Clinical classification
The clinical classification of PD underwent two major changes in the past 22
years, being updated in 1999 (Armitage, 1999, Lang et al., 1999, Lindhe et al.,
1999) and 2017 (Caton et al., 2018, Papapanou et al., 2018, Dietrich et al.,
2019) to align with new clinical and biological knowledge in the field. The 1999
classification of periodontal diseases classified PD as chronic or aggressive
depending on the rate of disease progression, and either localised or generalised
depending on the extent of disease. In the new 2017 classification the groupings
of chronic and aggressive were removed on the basis that each form represents
differing stages of the same disease (Dietrich et al., 2019). Instead, the new
system features a staging (I-IV) and grading (A-C) criteria for disease severity
and rate of progression respectively. The staging criteria is based on the extent
of bone loss, which may be measured either via radiographic assessment or by
CAL. The grading criteria factors in patients bone loss relative to their age in
order to determine the rate of disease progression. The new classification also
assesses the current periodontal status and risk factors for future progression.
The current periodontal status is classified as stable, in remission or unstable
based on BoP and PPD (Chapple et al., 2018, Papapanou et al., 2018, Caton et
al., 2018, Dietrich et al., 2019). Under this new classification, the mildest form
of PD is Stage I Grade A representing a mild degree of bone loss with a slow rate
of progression, whilst the most severe form is Stage IV Grade C representing a
very severe degree of bone loss (apical third of root) with a rapid rate of
progression.
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1.2.3. Case definition
In addition to clinical classification, there is a requirement to define the case
definition of PD for use in epidemiological and biological research studies.
Previous studies have employed differing minimum disease criteria, which may
have a downstream impact on cross-study comparisons, systematic reviews and
meta-analyses. The universal adoption of a standardised case definition is
essential to standardise inclusion criteria on an independent study and
population scale. Early case definitions, such as the Russell’s periodontal index
(Russell, 1956) and periodontal disease index (Ramfjord, 1959), focussed largely
on the presence of inflammation under the assumption that untreated gingivitis
would eventually progress to PD in all cases. Since then, several case definitions
have been employed using CAL and PPD in isolation or in combination, although
there is a distinct lack of uniformity between different criteria (Beck et al.,
1990, Machtei et al., 1992, Tomar and Asma, 2000). To address this issue, the
Centre for Disease Control and Prevention (CDC) and American Academy of
Periodontitis (AAP) outlined threshold values for PPD and CAL which constitute
PD (Page and Eke, 2007). These values have been widely adopted for use in
periodontal research, and allow differentiation between no/mild, moderate and
severe disease (table 1.1). Additional criteria including cumulative PPD,
representing the cumulative sum of elevated probing depths either >3, >4 or >5
mm, are also becoming more frequently used in combination to this case
definition to ensure a minimum level of disease in clinical studies (Dietrich et
al., 2008).
Table 1.1. Case definition of PD proposed by CDC and AAP working group. This table is
modified from Page and Eke (2007) in the Journal of Periodontology.
Criteria
Case

Clinical attachment level
(CAL)

Periodontal probing pocket
depth (PPD)

Severe
periodontitis

≥2 interproximal sites ≥6
mm at non-adjacent sites

and

≥1 interproximal site with
≥5 mm at non-adjacent sites

Moderate
periodontitis

≥2 interproximal sites ≥4
mm at non-adjacent sites

or

≥2 interproximal sites ≥5 mm
at non-adjacent sites

No or mild
periodontitis

Does not meet criteria for moderate or severe periodontitis
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1.3. Microbial aspects of periodontitis
1.3.1. Dental plaque biofilms
Bacteria rarely exist as isolated free-floating planktonic organisms, despite this
being the most well-studied form in conventional microbiology research.
Instead, they primarily exist within complex polymicrobial communities termed
‘biofilms’. Biofilms are communities of microorganisms which attach to surfaces
and become embedded within a self-produced extracellular matrix (Costerton et
al., 1981a, Costerton et al., 1981b). These communities are ubiquitous in nature
and can form within human hosts at a range of sites including the mouth, gut,
skin and implants. Embedded organisms benefit from extensive protection
against antimicrobials and the host immune system, causing a substantial burden
in healthcare settings (Patel, 2005, Lindsay and Von Holy, 2006, Ramage et al.,
2010). For example, it has been estimated that biofilms contribute to over 65%
of all microbial diseases and up to 80% of chronic infections (Jamal et al., 2018).
The role of biofilms has become increasingly recognised and appreciated within
several disciplines, and none more so than periodontology. Bacteria were first
observed in dental plaque over three centuries ago by Antoni van Leeuwenhoek,
who depicted various morphologies originating from the ‘white matter between
teeth’. Since then, it has been recognised that dental plaque is a microbial
biofilm which adheres to the tooth surface playing an important role in health
and disease (Socransky and Haffajee, 2002, Marsh, 2004). These biofilms are rich
in both the quantity and diversity of bacteria, with over 700 species estimated
to inhabit the oral cavity (Aas et al., 2005, Human Oral Microbiome Database,
2016). Of these, individuals are thought to harbour roughly 100-200 species,
primarily belonging to Firmicutes, Actinobacteria, Proteobacteria, Bacteroidetes
and Fusobacteria phyla (Dewhirst et al., 2010, Griffen et al., 2012).
In healthy sites, dental plaque biofilms form a symbiotic relationship with the
host, providing a colonisation barrier against more pathogenic species and
regulating local host defences (Marsh, 2000, Devine et al., 2015). Commensal
biofilms aid in the development of the immune system via constant exposure to
a diverse array of microbial antigens and are capable of metabolising nutrients including nitrate - for use by the host (Seneviratne et al., 2011, Hyde et al.,
2014, Rosier et al., 2018). However, perturbations in the composition of dental
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plaque are associated with PD and several ‘periodontal pathogens’ have been
implicated in disease development. The following sections outline the
maturation and composition of dental plaque biofilms, and hypotheses
describing a microbial origin of PD.

1.3.2. Adhesion and maturation of dental plaque biofilms
Dental plaque biofilms form rapidly on the tooth surface, to the extent that it is
recommended individuals brush their teeth at least twice per day to prevent
biofilm accumulation and maintain oral health. It has been demonstrated that
biofilms quickly reform following professional cleaning, with some species
recolonising the tooth surface within a 2 hour period (Li et al., 2004, Hartenbach
et al., 2018). Additional studies have demonstrated that individual species
recolonise at different timepoints ranging from days (Teles et al., 2012) to
months (Haffajee et al., 2008). These studies confirmed the concept of ‘early’
and ‘late’ colonisers which was initially documented in the 1960s (Ritz, 1967).
From these studies, it is known that dental plaque biofilms form rapidly and
undergo dynamic alterations at different timepoints during development.
Indeed, dental plaque formation is a sequential process involving multiple stages
(figure 1.3). The first stage involves the formation of a protein rich pellicle,
termed the salivary or acquired pellicle, which begins to coat the tooth surface
within minutes of cleaning (Al-Hashimi and Levine, 1989, Kolenbrander et al.,
2002). The pellicle arises from deposition of glycoproteins and mucins contained
within saliva onto the tooth surface (Lindh et al., 2014). This functions to
protect, lubricate and hydrate the enamel, although also provides a substrate
for the attachment of early colonising bacteria (Marsh and Bradshaw, 1995).
Early colonisers are primarily Streptococci species such as S. sanguinis, S. mitis
and S. oralis, which equate to roughly 80% of the initial biofilm composition
(Nyvad and Kilian, 1987, Aruni et al., 2015a). The remaining biofilm is mainly
composed of Actinomyces, Haemophilus, and Neisseria, capable of binding to
glycoprotein receptors on the exposed salivary pellicle via outer membrane
adhesins. This is driven by electrostatic attractions, van der Waals forces,
hydrogen bonds and calcium bridges (Hannig and Hannig, 2009). At this stage,
attachment between bacteria and pellicle is weak and reversible. Soon after
binding, bacteria excrete extracellular polymeric substances which helps
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maintain firm adherence both to the salivary pellicle and each other (Huang et
al., 2011).
Once adhered to the salivary pellicle, early colonisers provide a base from which
the mature biofilm can form. Later colonising species are able to recognise
receptors present on the surface of early colonisers and begin to attach on to
the biofilm in a sequential manner (Huang et al., 2011). Under the
spatiotemporal model it was thought that Fusobacterium species, characterised
by long filamentous rods, were key bridging organisms that linked early and late
colonisers (Kolenbrander et al., 2002). This analysis was largely based on coaggregation studies between Fusobacterium other late colonisers. However,
more recent analysis using fluorescent in-situ hybridisation (FISH) probes to
outline the biogeography of human dental plaque have suggested that this role
may also be performed by Corynebacterium species (Welch et al., 2016). The
same study suggested that Corynebacterium species anchor themselves within
the biofilm and grow outwards from the tooth, thereby providing a crucial
support structure in the biofilm architecture. Co-aggregation among bacteria is
also central to the development of dental plaque biofilms. Binding of early
colonisers to each other, or to bridging organisms, provides a substrate for
additional organisms to attach to the biofilm. Obligate anaerobes including
Prevotella, Porphyromonas, Treponema and Tannerella species recognise
receptors in the other biofilm layers and begin to colonise.

Figure 1.3. Simplified diagram detailing the stages involved in the formation and
development of dental plaque biofilms. The salivary pellicle rapidly coats the tooth
surface and provides a substrate for attachment of early colonisers. From here, coaggregation and bridging species allow attachment of late colonisers and formation of
mature dental plaque biofilms. Image created using BioRender.
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1.3.3. Supra and subgingival biofilms
Dental plaque biofilms fall into one of two categories; supragingival which forms
above the gingival margin, and subgingival which forms below it (within the
periodontal pocket). Current understanding is that subgingival biofilms are a
continuation of supragingival biofilms, although they are not entirely
interdependent despite being physically connected (Aruni et al., 2015a). In
previously healthy sites, subgingival biofilms likely arise from supragingival
plaque as it extends into the periodontal pocket. However, a drastic shift in the
environment from an openly exposed oxygen rich atmosphere to an anaerobic
microenvironment flushed with inflammatory infiltrate dictates alterations in
biofilm composition (Marsh, 1994). The lack of interdependence between supra
and subgingival biofilms is most readily evidenced by the finding that
supragingival biofilm removal is not sufficient to halt disease progression in deep
periodontal pockets, and induces little alteration in the subgingival biofilm
composition (Teles et al., 2006, Aruni et al., 2015a). As such, the majority of
periodontal microbiology research has focussed on subgingival plaque biofilms.

1.3.4. Hypotheses on microbial origin of disease
The role of dental plaque in the development of PD has been extensively studied
for over 100 years. During this timeframe, several hypotheses have been
proposed which link features of the subgingival plaque biofilm with disease
initiation and progression. As knowledge of the field has advanced and
technology has improved these theories have been gradually updated, forming a
cumulative understanding of PD aetiopathogenesis.

1.3.4.1. Non-specific and specific plaque hypotheses
The earliest reported hypothesis relating to a microbial origin of PD is the
original non-specific plaque hypothesis (NSPH), dating back to the 19th century
(Black, 1884, Miller, 1890). At this time, identification of specific bacteria were
limited and researchers were unable to identify a consistent pathogen
responsible for disease. As such, it was assumed that the quantity rather than
composition of plaque was responsible for disease. In this model it was thought
that the host was capable of tolerating and detoxifying bacterial products via
salivary neutralising acid. However, once plaque accumulated above a certain
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threshold, this tolerance would become overwhelmed resulting in the
development of PD (Black, 1884, Miller, 1890, Rosier et al., 2014). Therefore,
treatment was aimed at removing the entire plaque biomass irrespective of
composition, which is still routinely used as a first-line therapy for PD.
In the 1970s, advancement in microbial techniques such as culture and
microscopy led to better and more accurate species identification. The ability to
identify species associated with disease led to the specific plaque hypothesis
(SPH), which was originally associated with dental caries (Loesche, 1976). In this
model, certain pathogenic organisms were solely responsible for the onset and
progression of disease such as Lactobacillus species and mutans Streptococci in
dental caries (Loesche and Nafe, 1973, Loesche, 1976). The SPH coincided with
development of the anaerobic cabinet, which allowed for culture and
identification of anaerobes associated with PD. Thus, the SPH was further
extended to incorporate PD, although identification of several ‘causative’
pathogens in the proceeding decade questioned it’s applicability (Rosier et al.,
2018, Fragkioudakis et al., 2021). Nonetheless the SPH was the first theory to
appreciate the variance in species virulence, which still applies to the current
understanding of PD.
In recognition of differences in species virulence, the NSPH was revisited in the
1980s with the development of the updated NSPH (Theilade, 1986). This theory
gained insight from the finding that many pathogens in the SPH were common
members of dental plaque in both health and disease. Therefore, it was
suggested that all bacteria functioned in the transition from health to disease
and displayed varying degrees of virulence in doing so. Evidence for this
hypothesis stemmed from the finding that plaque accumulation would at least
induce gingivitis, and the progression to PD was dependent upon the virulence of
specific communities (Rosier et al., 2014). The U-NSPH framed future research
by revisiting the role of the entire community in the development and onset of
PD. Additional support for this theory arises from the finding that non-specific
mechanical removal and disruption of the entire biofilm community remains the
most effective way to treat and manage PD.
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1.3.4.2. Ecological plaque hypothesis
Nearly a decade after the U-NSPH, the ecological plaque hypothesis (EPH) was
developed by Philip D Marsh which combined aspects of preceding theories
(Marsh, 1994). To explain the shift towards oral disease (caries and PD), it was
proposed that environmental pressures may selectively enrich pathogenic
species. In the case of PD, it was proposed that plaque accumulation at the
gingival margin triggers inflammation, which results in an elevated flow of
gingival crevicular fluid (GCF) and gingival bleeding. GCF is a serum transudate
released from the gingival tissue and it has been suggested that proteins present
in GCF and blood may be utilised by bacteria as sources of nutrition, thereby
shifting the plaque biofilm composition (Marsh, 1994). Furthermore, GCF has a
neutral or slightly alkaline pH, which has been shown to enhance the growth of
organisms associated with PD including Prevotella intermedia and
Porphyromonas gingivalis (Bickel and Cimasoni, 1985). Marsh also suggested that
bacteria can influence the environment to create a more suitable environment
for growth. In this case, aerobic early colonisers consume oxygen to produce
carbon dioxide and hydrogen (Marsh, 2003), which lowers the redox potential
and allows obligate anaerobes to grow and survive. Environmental influence has
since been widely demonstrated in the case of smoking, diet and inflammation.
However, the pitfall of the EPH is that it fails to explain inter-individual
differences in PD susceptibility (Löe et al., 1986, Rosier et al., 2014).

1.3.4.3. Keystone pathogen hypothesis
A more recent hypothesis for the microbial origin of PD is the keystone pathogen
hypothesis (KPH) which focuses on P. gingivalis as a driver of biofilm modulation
and disease initiation (Hajishengallis et al., 2012). Using mouse models,
Hajishengallis et al. demonstrated that this low-abundance bacterium is able to
markedly shift the composition of the oral microbiome and drive alveolar bone
loss upon colonisation (Hajishengallis et al., 2011). Notably, bone loss was not
observed within germ-free mice colonised with P. gingivalis, indicating that the
commensal microbiota is required to initiate disease. Furthermore, C3a and C5a
receptor deficient mice did not develop bone loss, suggesting that the host
complement pathway is also essential to this process. To date, the KPH has been
convincingly demonstrated in mice but human evidence is still lacking. For
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example, whilst P. gingivalis is frequently isolated from diseased sites, it is also
found in 20-30% of healthy individuals (Griffen et al., 1998, Yang et al., 2004).
Nonetheless, the essential role of the host immune response incorporated within
this hypothesis is an important feature which had been previously overlooked.

1.3.4.4. Community dysbiosis
The current paradigm is that PD arises as a result of biofilm ‘dysbiosis’. Dysbiosis
refers to an imbalanced interaction between bacteria or bacterial community
and the host, which is detrimental to the host (Lamont et al., 2018). Evidence
for dysbiosis comes largely from 16S ribosomal RNA (rRNA) sequencing studies
where the diversity, richness and relative abundances of species is altered in PD
compared with health (Griffen et al., 2012, Abusleme et al., 2013, Hong et al.,
2015). Therefore, the question remains as to how dysbiosis arises within the
subgingival plaque community. One hypothesis which has been developed to
outline the shift from ‘eubiosis’ to dysbiosis is the polymicrobial synergy
interaction and dysbiosis (PSD) model (Hajishengallis and Lamont, 2012, Lamont
and Hajishengallis, 2015).
In the PSD model, synergy within biofilm communities is important for the shift
to dysbiosis and disease development. Given the heterogeneity of the oral
microbiota it is proposed that different species may be able to fill distinct roles
which converge to stabilise the microbiota in a synergistic state through coadhesion, interspecies signalling, physiological compatibility and community
adaption. From here, colonisation of keystone pathogens (e.g. P. gingivalis) is
required to induce the shift to dysbiosis through immune modulation, cross-talk
with accessory pathogens and increased expression of virulence factors (Lamont
and Hajishengallis, 2015). This model links to microbiome studies and explains
the heterogeneity in the biofilm composition from subgingival plaque samples.
Additionally, whilst P. gingivalis was given as an example, it was noted that
other organisms may similarly fill this role.
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Figure 1.4. Timeline of changing dental plaque hypotheses in periodontal research. As
early as the 19th century, these hypotheses began to shape periodontal microbiology
research. With advancements in research techniques, new models have been developed
to reflect current knowledge and build upon preceding paradigms. Purple boxes indicate
whole community involvement, pink boxes indicate specific species involvement and
blue boxes indicate both. Image created using BioRender.

1.3.5. Studying subgingival plaque composition
The hypotheses outlined above are a reflection of techniques and knowledge
available to researchers at set points in time. The data gathered from microbial
analysis of subgingival plaque samples has been continually used to form and
advance the understanding of dental plaque biofilms in health and disease.
Several techniques have been used in the analysis of subgingival plaque,
including culture, microscopy, DNA-DNA hybridisation and most recently, 16S
rRNA sequencing. Each technique has its own advantages and disadvantages but
have undoubtably contributed to the modern day understanding of PD.
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1.3.5.1. Culture and microscopy
Distinct compositional changes in the subgingival plaque of PD patients were
initially discovered using culture and microscopy techniques. Early microscopy
studies highlighted that the composition of healthy plaque was predominantly
composed of Gram-positive cocci, whilst PD plaque was characterised by an
increase in Gram-negative flagellated cells and spirochetes (Listgarten, 1976). In
line with these findings, incorporation of culture techniques identified a
predominance of streptococci and Actinomyces species in health (Slots, 1977,
Syed and Loesche, 1978). Development of the anaerobic cabinet allowed
identification and culture of Gram-negative bacilli predominant in PD such as
Bacteroides, Campylobacter and Capnocytophaga species (Newman et al., 1976,
Van Palenstein Helderman, 1981). These pioneering studies formed a foundation
for periodontal microbiology research, although they were inherently limited by
bias towards easily cultivatable species (Rosier et al., 2014).

1.3.5.2. DNA-DNA hybridisation
Advancement in molecular identification in the 1990s led to improvements in
species identification, allowing simultaneous quantification of up to forty
bacteria in subgingival plaque samples through ‘checkerboard’ DNA-DNA
hybridisation. This technique works by adding microbial DNA to a nylon
membrane, which is then hybridised with whole-genomic digoxigenin labelled
DNA probes against target species (Socransky et al., 1994). Antibodies directed
against digoxigenin can next be applied and quantified to estimate bacterial
quantities.
In 1998, Socransky et al. quantified 40 bacterial species in over 13,000
subgingival plaque samples from 185 patients with (n=160) and without (n=25)
PD (Socransky et al., 1998). Among the 40 species, the authors evaluated
associations between each species and between species and periodontal disease
severity. From this study, bacterial complexes were identified and each was
designated a colour (figure 1.5). The yellow complex consisting of streptococci
species were strongly associated with one another and formed part of the core
composition, present in comparable levels in both healthy and diseased samples.
This was additionally true for the purple complex consisting of Actinomyces
odontolyticus and Veillonella parvula, and green complex consisting of
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Eikenella, Capnocytophaga and Aggregatibacter (serotype a) species. Originally
ungrouped, the ‘Actinomyces’ complex (colloquially termed ‘blue’ complex) also
appears part of this core composition. In contrast, the orange complex primarily
consisting of Fusobacterium, Prevotella and Campylobacter species was found to
mildly associate with pocket depth, whilst the most pronounced association with
disease severity was observed for the red complex comprising Porphyromonas
gingivalis, Tannerella forsythia and Treponema denticola.
After this discovery, colour complexes became the cornerstone of periodontal
microbiology and checkerboard DNA-DNA hybridisation is still routinely used in
clinical trials (Duarte et al., 2018, Feres et al., 2018, Teles et al., 2021). The
included species in these assays have been carefully selected over several years
to quantify 40 major constituents of the ecosystem (Gellen et al., 2007). This
technique offers a massive improvement on conventional culture and
microscopic identification, although it remains limited by dependency on in
vitro growth. For organisms to be included in checkerboard arrays, they must be
isolated, grown and standardised so that standard curves can be generated. It
has been estimated that 40-60% of oral bacteria have yet to be cultivated, and
as such cannot be incorporated into these systems (Siqueira and Rocas, 2013).
Recent advances in culture techniques have started to allow growth of
previously uncultivatable organisms (Vartoukian et al., 2016), although the field
has gradually transitioned towards high-throughput culture independent
technologies for assessment of subgingival plaque.

Figure 1.4. Subgingival bacterial complexes outlined by Sigmund Socransky. Outer
boxes indicate complexes in the core composition (blue) and those associated with
disease (red). This figure is modified from Socransky et al., (1998) in the Journal of
Clinical Periodontology. ‘A. actino’ in the green complex represents Aggregatibacter
actinomycetemcomitans serotype a. Image created using BioRender.
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1.3.5.3. The microbiome
In the last 20 years, considerable strides in the accessibility, affordability and
throughput ability of sequencing has facilitated a new area of extensive research
– the microbiome. The microbiome relates to all genetic material within a
microbial community, although this thesis focussed solely on the bacterial
component. This has been of particular relevance in the oral cavity given large
diversity and low proportion of cultivatable species. For example, of the 700
species predicted to inhabit the oral cavity, only 280 are estimated to have been
cultured (Dewhirst et al., 2010). Therefore, culture independent assessment of
subgingival plaque samples has allowed for a deeper understanding of PD than
was previously possible. Species identified only via culture-independent
sequencing technologies are often termed ‘phyla’ or ‘taxa’, although in the
interest of simplicity this thesis has termed any anything classified at specieslevel as a ‘species’. To facilitate microbiome research, several next generation
sequencing (NGS) platforms have emerged (Roche 454, Ion torrent, Nanopore,
Illumina). This section will primarily discuss Illumina systems, which have
recently become the most frequently used in microbiome research due to high
quality reads and affordable cost (Hodzic et al., 2017).
Microbiome research has largely focussed on short-read sequencing using
fragments of the 16S rRNA gene, which encodes the RNA component of the 30S
subunit of the bacterial ribosome. This 1,500 basepair gene is conserved within
all bacteria and contains nine hypervariable regions (V1-V9), which are
interspaced among various conserved regions (Chakravorty et al., 2007). Current
practices involve sequencing only a fragment of this gene containing one or
several of these hypervariable regions to allow for discrimination of bacterial
genera or species. The most widely used Illumina protocols target the V3-V4
region (Wade and Prosdocimi, 2020), which was employed throughout this thesis.
These regions have been extensively applied to study the oral microbiome
(Dzidic et al., 2018, Carda-Diéguez et al., 2019, Ferrer et al., 2020). Recently,
the V1-V3 region has also gained popularity, which was previously limited to the
Roche 454 platform that provided longer reads (Zheng et al., 2015). The tradeoff of hypervariable region selection appears to be that V3-V4 is more
reproducible (Teng et al., 2018), although V1-V3 may better discriminate certain
genera (streptococci) at the species-level (Wade and Prosdocimi, 2020).
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After DNA extraction, the selected hypervariable regions (V3-V4) are amplified
by PCR which attaches overhang adapters containing sample barcodes and
regions complimentary to the Illumina flow-cell. These DNA fragments are then
hybridised to oligos present in the flow-cell and undergo bridge amplification to
generate fragment clusters (figure 1.5). Fluorescently labelled nucleotides are
next introduced and bind complimentary to the fragment. Through excitation by
a light source, the base can be determined and used to generate a forward and
reverse sequence. After sequencing, forward and reverse reads are aligned and
sorted into samples using unique barcodes. The sequences produced from 16S
rRNA sequencing can either be grouped into operational taxonomic units (OTUs)
or used as amplicon sequencing variants (ASVs). The OTU approach groups
sequences typically based on a 97% similarity threshold, whilst the ASV approach
denoises the data to determine the true biological sequences from PCR and
sequencing errors, and uses this final sequence as an ASV. Thus, the ASV
approach generates exact sequences with high confidence that these sequences
are not due to error. In recent years ASV methods such as DADA2 have
superseded the use of OTUs as more reliable and translatable protocols for
analysis of marker gene sequencing (Callahan et al., 2017).
Applying these technologies in PD has revealed that the diversity of subgingival
plaque is far higher than previously assumed (Bik et al., 2010). Studying
subgingival plaque from 29 healthy controls and 29 PD patients, it was found
that the abundance of 72 genera and 176 species significantly differed between
groups (Griffen et al., 2012). Although this analysis confirmed the association of
the red-complex with PD, roughly half of the species elevated in disease were
uncultured. Likewise, one of the largest elevations in disease was observed for
Filifactor alocis, a Gram-positive anaerobe, suggesting that previous segregation
of Gram-positives as ‘health-associated’ was too simplistic in nature. Ensuing
analysis demonstrated an increase in taxonomic diversity in subgingival plaque
from PD patients compared with health (Abusleme et al., 2013). This analysis
involving 10 healthy controls and 22 PD patients characterised the core
subgingival microbiota in each group. It was found that Streptococcus,
Actinomyces and Rothia species predominated in health, whilst anaerobes
including Porphyromonas, Tannerella, Treponema, Parvimonas, Mogibacterium,
Filifactor and Eubacterium were highly abundant in disease. The same analysis
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suggested that a core microbiota was found in all samples, consisting of
Lautropia, Corynebacterium, Eikenella, Veillonella and Fusobacterium species.
Collectively, these findings highlight that the microbiota shifts in PD extend well
beyond the conventional red-complex and involve several unculturable
organisms. In line with these findings, a systematic review to identify novel
‘periodontal pathogens’ found moderate evidence for the association of 17
additional species including Fretibacterium fastidiosum, Mogibacterium timidum
and Filifactor alocis (Pérez-Chaparro et al., 2014). Many of these species have
been independently confirmed in a recent meta-analysis of 10 microbiome
studies outlining distinctive changes in subgingival plaque composition between
health, gingivitis and PD (Abusleme et al., 2021).
Short-read 16S rRNA sequencing has allowed for a wider analysis of subgingival
plaque communities than was previously possible. However it is limited by issues
such as reduced classification accuracy at species level and lack of absolute
quantification. The former is particularly true for Streptococcus, which is the
most abundant genera in the oral cavity and contains several species with nearly
identical 16S rRNA sequences (Wade and Prosdocimi, 2020). Moving forward,
such issues may be overcome as shotgun metagenomic sequencing of the entire
16S rRNA region become more accessible. In this regard, newly developed
technology such as the Nanopore MinION offer promising protocols for long-read
benchtop sequencing, although are currently hampered by higher error rates
(Rang et al., 2018).
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Figure 1.5. Basic summary of the steps involved in analysing the subgingival
plaque microbiome. Plaque samples are harvested via curettes or paper points.
DNA is extracted and selected hypervariable regions (V3-V4) amplified via PCR.
DNA is normalised and pooled prior to Illumina sequencing which involves library
hybridisation, cluster generation and sequence determination via fluorescent
nucleotides. Resulting sequences are assigned against taxonomy databases and
relative abundances can be analysed. Image created using BioRender.

22

1.4. Host response in periodontitis
1.4.1. Importance of the immune response
As evidenced by the Löe et al. seminal study, dental plaque biofilms are
necessary but not sufficient for PD development, and such biofilms do not
directly induce alveolar bone loss (Löe et al., 1986). Instead, the immune
response plays a pivotal role in disease progression, driving host-mediated tissue
destruction and bone resorption. Therefore, the host response is instrumental in
the progression of disease. The following section will discuss the immunological
features of PD primarily focussing on cytokines and chemokines which modulate
this response, the interplay between inflammation and biofilm dysbiosis, and
how the host response is assessed within clinical studies.

1.4.2. Immune cell networks in health and disease
The initiation and progression of PD from an immunological perspective has been
conventionally broken down into four distinct stages based on histological
analysis; the initial lesion, early lesion, established lesion and advanced lesion
(Page and Schroeder, 1976). More recently, it has been suggested that this
model is too arbitrary and simplistic, with a large degree of overlap between
each stage (Cekici et al., 2014). This early immunological model does however
provide a useful way to simplify and compartmentalise the various features of
PD progression and many aspects remain fundamentally valid to this day
(Hajishengallis and Korostoff, 2017).
Within the oral cavity, the immune response is constantly active and functions to
maintain tissue homeostasis. In pristine periodontal health, whilst there is an
absence of clinical inflammation (e.g. BoP) there is a constant level of
immunological surveillance, evidenced by immune cell infiltration and
production of low levels of inflammatory mediators (Lang and Bartold, 2018,
Chapple et al., 2018). Neutrophils are one of the key cell types which function in
maintaining gingival tissue homeostasis. This cell type appears crucial in this
regard, with neutropenic patients (via neutrophil deficiency and/or trafficking
deficiency) being highly susceptible to PD progression and elevated disease
severity (Deas et al., 2003, Darveau, 2010).
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Neutrophils are also one of the characteristic cell types of the initial lesion
identified by Page and Schroeder (1976). Within 2-4 days of plaque accumulation
there are minimal signs of clinical inflammation although early features of an
immune response are visible histologically. Bacterial antigens and metabolic
products trigger adjacent epithelial cells to produce cytokines and chemokines
via recognition of pathogen-associated molecular patterns (PAMPs) by pattern
recognition receptors (PRRs), resulting in increased neutrophil and monocyte
migration into the gingival tissue (Cekici et al., 2014). Importantly, this initial
response is unable to remove or neutralise dental plaque biofilms inducing
further inflammation. As a result, the initial lesion progresses into the early
lesion, where macrophages, lymphocytes and mast cells begin to accumulate.
During formation of the early lesion, GCF flow is increased and clinical signs of
inflammation are observed commensurate with gingivitis (Page and Schroeder,
1976).
Despite comparable biofilm exposure, some patients will never progress beyond
this early lesion. In cases where this response does progress into the established
lesion, then plasma cells, T-cells, B-cells and macrophages begin to predominate
in the inflammatory infiltrate. This was originally thought to represent a distinct
switch from the innate to adaptive immune response, although current
understanding is that pathways of preceding lesions still function during
progression (Cekici et al., 2014). For example, neutrophils are now believed to
mediate a large portion of periodontal tissue destruction, and neutrophil loads
positively correlate with PD disease severity (Hajishengallis and Korostoff, 2017).
Thus, the pathways involved in the initial lesion are not simply replaced by
ensuing cell networks.
Similar to the early lesion, the established lesion may remain stable or progress
to the advanced lesion, representing clinical PD. In this stage, the inflammatory
lesion extends into the periodontal ligament and alveolar bone, resulting in
irreversible attachment loss and an influx of plasma cells. MMPs function in
combination with osteoclasts to destroy the periodontal ligament and resorb
alveolar bone. The result is a transition in the immune response from that of
protective surveillance in periodontal health, to destructive chronic
inflammation in PD (figure 1.6).
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Figure 1.6. General overview of the cell types involved in periodontal health and
disease. In health, the immune system is constantly exposed to external antigens and
functions to maintain tissue homeostasis by immune surveillance. In PD, a dysregulated
immune response occurs via failure to resolve dental plaque biofilms. There is an influx
of various cell types and production of inflammatory mediators, with osteoclast
activation resulting in alveolar bone resorption. Image created using BioRender.

1.4.3. Proinflammatory cytokines and chemokines
Throughout the response to subgingival plaque biofilms, various cell types
function in concert to mount a collective response against targets. These cells
communicate via small soluble mediators such as cytokines and chemokines.
Cytokines are peptides that are produced by specific cells and function in a
paracrine (nearby cells) or autocrine (same cell) manner. Several cytokine
families exist including interleukins (ILs), interferons (IFNs) and tumour necrosis
factors (TNFs). Chemokines are a family of cytokines which specifically function
as chemoattractant molecules to regulate trafficking of immune cells and are
distinguished based the location of conserved cysteine residues (CC, CXC, XC and
CX3C). Nearly all of these cytokine families are involved at different stages in
the host response against subgingival plaque biofilms (figure 1.7), forming
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complex interlinking networks spanning the innate and adaptive responses
(Kinane et al., 2011, Pan et al., 2019).
Cytokines may function to promote inflammation, regulate inflammation or have
a dual role supporting both. In line with the key role of inflammation in PD
pathogenesis, several proinflammatory cytokines such as IL-1β, TNFα, IL-6 and
IL-17A have been implicated in periodontal inflammation, tissue injury and bone
resorption (Cheng et al., 2020). IL-1β belongs to the IL-1 superfamily and is
primarily expressed by activated macrophages, although gingival epithelial cells
and fibroblasts have also been shown to produce this cytokine (Liu et al., 2010).
In GCF samples, several studies demonstrate elevated IL-1β expression in PD
compared with healthy subjects (Buduneli and Kinane, 2011). Following
production, IL-1β increases the expression of MMPs which function in breakdown
of the periodontal ligament (Cheng et al., 2020). Additionally, IL-1β has been
shown to upregulate receptor activator of nuclear factor kappa-B ligand (RANKL)
and thus plays a key role in osteoclast recruitment and alveolar bone resorption
(Huynh et al., 2017).
It has been suggested that IL-1β is synergistic with TNFα in driving bone
resorption (Stashenko et al., 1987, Graves and Cochran, 2003), with IL-1β
increasing TNFα gene expression (figure 1.7). TNFα is a member of the TNF
superfamily and is predominantly expressed by activated monocytes and
macrophages. This cytokine stimulates elevated expression of adhesion
molecules (ICAM-1 and VCAM-1) which are involved in immune cell recruitment
(Hosokawa et al., 2006). In a similar manner to IL-1β, TNFα appears to be
directly involved in bone resorption in PD by promoting osteoclast activity and
inducing MMP secretion by gingival fibroblasts (Azuma et al., 2000, Graves and
Cochran, 2003). Additionally, both IL-1β and TNFα stimulate the production of
IL-6 (figure 1.7), which is expressed by a range of immune cells including
macrophages, T-cells, B-cells, endothelial cells, gingival fibroblasts, osteoblasts
and periodontal ligament cells (Sell et al., 2017). IL-6 functions to regulate the
activity of key immune cells (T-cells, B-cells, figure 1.7), although also appears
to be involved in stimulating MMP secretion and RANKL upregulation (Irwin and
Myrillas, 1998, Taylor, 2014).
IL-1β, TNFα and IL-6 are well-characterised and central in the control of
osteoclast activation, and the development of bone loss and tissue destruction
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(figure 1.7). In contrast, IL-17A (often termed ‘IL-17’) has also been suggested
to play a role in this process. Originally deemed a hallmark cytokine of Th17
cells, more recent immunofluorescence evidence indicates that mast cells may
in fact be the primary source of IL-17A in periodontal tissues (Parachuru et al.,
2018). Interestingly, both protective and destructive effects of IL-17A have been
observed in relation to PD (Zenobia and Hajishengallis, 2015). On one hand, IL17A is an important regulator of neutrophil recruitment and induces the
production of antimicrobial peptides, which are protective against PD (Liang et
al., 2006, Gorr, 2009). Alternatively, this cytokine also appears to be potent
stimulator of osteoclastogenesis, and has been deemed a ‘double edged sword’
for this reason (Zenobia and Hajishengallis, 2015).
Along with the cytokines described above, the most well characterised
chemokine in PD is IL-8 (CXCL8) - which is produced by a range of cell types
including gingival epithelial cells, fibroblasts and macrophages. The primary
function of IL-8 is neutrophil recruitment and activation and thus it plays a
prominent role in maintaining tissue homeostasis and responding to the initial
challenge from subgingival plaque biofilms (Dommisch et al., 2015,
Hajishengallis and Korostoff, 2017). In turn, neutrophils recruit Th17 cells
involved in disease progression (Pelletier et al., 2010) and a role in osteoclast
activation has been reported in vitro (Chakravarti et al., 2009).
As mentioned above, it is believed that the activities of these cytokines and
chemokines may directly or indirectly contribute to a state of dysregulated
osteoclastogenesis and ultimately alveolar bone loss. Several of these cytokines
(IL-1β, TNFα, IL-6, IL-17A) have been shown to upregulate RANKL production
from T-cells, B-cells, fibroblasts and osteoblasts. As a result, RANKL triggers
osteoclast differentiation from macrophages and subsequent activation resulting
in elevated levels of bone resorption (Bartold et al., 2010). Osteoprotegerin
(OPG) is a decoy receptor of RANKL and can block it’s effects. In line with
dysregulated osteoclastogenesis in PD, it has been observed that GCF levels of
RANKL are higher, and OPG lower, in PD patients compared with healthy controls
(Belibasakis and Bostanci, 2012, Baltacioglu et al., 2014).
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Figure 1.7. The cytokine network in periodontitis. Spanning the innate and adaptive
responses, cytokines are essential soluble molecules which function to regulate the
immune response. Cytokines are important for maintaining tissue homeostasis (green)
and mounting a defence against dysbiotic biofilms (red). In the onset of disease, IL-1β,
TNFα and IL-6 are produced by cells within the gingival epithelium and function as key
drivers of osteoclast activation, immune cell recruitment and bone loss. More recent
evidence also demonstrates that IL-17A and neutrophils are involved in stimulating
osteoclastogenesis. The image is reused from Pan et al., (2019) in the International
Journal of Oral Science under Creative Commons Attribution 4.0 International (CC BY
4.0) license (https://creativecommons.org/licenses/by/4.0/).

1.4.4. Interplay between inflammation and dysbiosis
It has long been assumed that biofilm dysbiosis is the starting point of PD,
followed by inflammation and eventually bone loss. However, recent ideology
contests this sequence of events, suggesting that inflammation actually precedes
biofilm dysbiosis. In the recent ‘inflammation-mediated polymicrobialemergence and dysbiotic-exacerbation (IMPEDE)’ model by Thomas E Van Dyke
and colleagues, it was suggested that gingival inflammation both precedes and
subsequently induces biofilm dysbiosis (Van Dyke et al., 2020). In support of this
theory, ‘periodontal pathogens’ implicated in biofilm dysbiosis are primarily
observed in established disease, likely through factors explained in the EPH
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(Marsh, 1994, Kirst et al., 2015). It is well accepted that an overgrowth of the
predominantly Gram-positive healthy microflora triggers gingivitis (Page and
Kornman, 1997). In the IMPEDE model it is proposed that the inflammatory state
of gingivitis then triggers elevated diversity and dysbiosis through enhanced
nutrient acquisition and a change in the periodontal pocket microenvironment.
As a result, biofilm dysbiosis triggers further inflammation and vice-versa in a
continuous cycle throughout subsequent disease progression. Therefore, PD
cannot be viewed as a disease solely of microbiological or immunological origin,
but rather as a continuous interplay between each of these factors.

1.4.5. Studying the immune response
As discussed in the preceding sections, the immune response in PD involves
several cell types and soluble mediators. As a result, investigating the immune
response can be an extremely complex procedure. One option is to directly
assess cells, gene and protein expression in the periodontal tissue using flowcytometry, immunohistochemistry, immunofluorescence and quantitative
polymerase chain reaction (qPCR). However, this is a difficult and complicated
procedure which requires invasive tissue biopsies from patients and healthy
controls, or repeated biopsies for longitudinal assessment. Therefore, an often
favoured alternative is to assess soluble mediators (cytokines, chemokines,
antibodies) in non or less-invasive sample types (GCF, saliva, serum). These
mediators give an indirect indication of the immune response both locally and
systemically.

1.4.5.1. Gingival crevicular fluid
Several sample types may be used to investigate these soluble mediators in PD.
The most localised of which is GCF, often defined as an inflammatory serum
exudate derived from periodontal tissues. This fluid is initially derived from
blood vessels, although as it travels to the junctional epithelium it acquires local
immune cells, by-products of tissue breakdown and inflammatory mediators
(Kinney et al., 2014). Periodontal pockets are constantly flushed with GCF which
both aids in defence against subgingival plaque biofilms by carriage of these
components into the subgingival microenvironment, and expels bacteria
outwards from the gingival sulcus (Bostanci and Belibasakis, 2018). Accordingly,
it has been demonstrated that the level of GCF in health is extremely low, and
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the flow-rate increases up to 5.5-fold with the development of experimental
gingivitis (Kowashi et al., 1980). Increased flow occurs due to elevated
permeability of local blood vessels, thus resulting in elevated fluid leakage and
entrance into the pocket (Page and Schroeder, 1976, Barros et al., 2016).
Several methods of GCF collection have been reported, including washing
pockets with an isotonic solution or timed absorption onto paper strips
(Subbarao et al., 2019). The latter is the most common of these methods, and a
direct comparison revealed higher cytokine recovery (IL-6, IL-8) using paper
strips compared with sodium chloride wash (Guentsch et al., 2011). However, it
is currently debated whether data from paper strips should be reported as a
total quantity over time, or standardised to the volume of GCF collected
(Wassall and Preshaw, 2016). Nonetheless, several putative biomarkers have
been recorded in the GCF using these methods (Buduneli and Kinane, 2011). Inline with the immunological understanding of PD, GCF levels of IL-1β, MMPs and
RANKL appear to be the most robust and are consistently elevated in disease
compared with health (Beklen et al., 2006, Silva et al., 2008, Teles et al., 2010).

1.4.5.2. Saliva
Whilst GCF provides a localised sample to the periodontal tissue, the measured
volume and corresponding protein composition is specific for the sampled site.
In contrast, saliva has been utilised as a more general sample type to study local
immunological markers and compare against full-mouth clinical variables, which
has been suggested to be more clinically useful (Taylor, 2014). Saliva comprises
secretions from the minor and major salivary glands, GCF, aspects of diet and
bacteria (Baum et al., 2011). A myriad cytokines and chemokines have been
detected and studied in saliva samples of PD patients (Jaedicke et al., 2016),
and it has been demonstrated that the primary origin of these proteins is GCF.
For example, one study measured IL-1α, IL-6, IL-8 from whole-saliva, parotid
gland secretions and submandibular-sublingual secretions, finding significantly
higher levels of all markers in whole-saliva across 31 periodontally healthy
controls and patients with gingival over-growth (Ruhl et al., 2004). In fact, these
proteins were virtually undetectable in salivary gland secretions, leading authors
to conclude that their most likely source is GCF.
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Along with providing a full-mouth reflection, saliva has several benefits over GCF
including its abundancy and ease of collection, processing and analysis. Similar
to GCF however is that several methods may be used to collect saliva samples
and there is considerable heterogeneity in the published literature. Saliva
samples may be collected after stimulation by paraffin wax or an alternative, or
unstimulated samples may be collected using the passive-drool method. The
latter sampling technique is generally preferred in order to limit the impact of
increased flow rate and pH changes associated with stimulation (Lee and Wong,
2009, Granger et al., 2007). Further support for salivary cytokines arising in the
GCF comes from the finding that certain analytes are consistently elevated in PD
regardless of sample type. For example, there is evidence that salivary IL-1β and
MMP-8 are elevated in PD compared with health, although these results do
appear less consistent than in GCF (Taylor, 2014, Jaedicke et al., 2016).
Likewise, it should be noted that whole saliva does display an inhibitory effect
against analytes in vitro (Wozniak et al., 2002), which may explain why some
cytokines (TNFα, IL-6) are only observed in very low levels (Taylor, 2014).

1.4.5.3. Serum
Although more distant to the site of disease, serum samples are regularly
assessed in PD clinical studies. Certain serum markers have the benefit of
defined reference ranges, which are seldom available for GCF and salivary
analytes. One of the most extensively studied serum markers is C-Reactive
protein (CRP), an acute-phase pentamer produced by liver hepatocytes primarily
in response to IL-6 (Pepys and Hirschfield, 2003). CRP is a non-specific marker of
systemic inflammation which binds to damaged cells and bacteria to act as an
opsonin and activate the classical complement cascade via C1q (Du Clos, 2000).
Serum CRP levels of <1 mg/L are observed in the majority of healthy Caucasian
adults but may rise to several hundred mg/L during an infection (Sproston and
Ashworth, 2018). The level of circulating CRP has also been promoted as a
marker of cardiovascular disease (CVD) risk by the American Heart Association
and CDC, with levels <1 mg/L constituting a low risk, 1-3 mg/L equating to a
moderate risk and >3 mg/L indicating a high risk (Pearson et al., 2003).
In relation to PD, it has been suggested that locally derived inflammatory
cytokines (IL-6) or bacteria may transition from the periodontal tissues into
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circulation and stimulate the release of CRP. Independent cross-sectional studies
have documented an increase in serum CRP and IL-6 in systemically healthy PD
patients in comparison with systemically and periodontally healthy controls
(Ebersole et al., 1997, Loos et al., 2000). Furthermore, evidence from metaanalyses demonstrate that periodontal treatment effectively lowers circulating
CRP and IL-6 levels in-line with a reduction in gingival inflammation (Teeuw et
al., 2014, Machado et al., 2021).
Another common output from serum samples are antibacterial antibody titres.
For this analysis, immunoglobulin G (IgG) is employed as it is the most abundant
antibody in serum and boasts a long half-life (2-3 weeks) to evaluate chronic
exposure to certain bacteria (Curtis and Bourne, 1973). Most studies have
investigated antibodies directed against PD associated organisms such as P.
gingivalis and A. actinomycetemcomitans (associated with aggressive PD), and
provide a useful indication that organism has colonised and stimulated an
immune response (Haffajee and Socransky, 1994). These titres readily reflect
carriage within subgingival plaque samples (Pussinen et al., 2011), and have
been shown to distinguish between healthy and PD subjects with good accuracy
(Kudo et al., 2012, Damgaard et al., 2021). Additionally, these antibodies have
been used to evaluate associations between specific bacteria and systemic
disease (Pussinen et al., 2004, Lappin et al., 2013), along with future disease
progression (Sakai et al., 2001). Other antibacterial antibody isotypes (IgA, IgM)
have also been assessed, although their short half-life of 2-3 days means they
more readily reflect recent rather than chronic colonisation (Sweier et al., 2009,
Gadekar et al., 2018, Isola et al., 2020). For this reason, serum IgG titres are the
most accurate and preferred method for studying past exposure.
As evidence for GCF, saliva and serum markers continues to grow, there is hope
that they may aid the diagnosis of PD under the 2017 classification criteria.
Serum CRP has been added as a potential marker of the systemic impact of PD
(Tonetti et al., 2018). Similarly, a space has been left for GCF, saliva and serum
biomarkers to reflect the different rates of disease progression (table 1.2). This
reflects a general movement in the field to supplement clinical diagnoses with
accurate and specific biomarkers, although it was noted that there is a need to
further substantiate this evidence before firm inclusion in clinical guidelines.
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Table 1.2. The potential integration of immunological markers into the periodontal
grading system. Excerpt taken from Tonetti et al., (2018).
Grade A: Slow
progression

Grade B: Moderate
progression

Grade C: Rapid
progression

Clinical evidence of
progression

No evidence of bone
loss over 5 years

<2 mm bone loss
over 5 years

≥2 mm bone loss
over 5 years

Systemic impact of
periodontitis

Serum CRP
<1 mg/L

Serum CRP
1 to 3 mg/L

Serum CRP
>3 mg/L

Biomarkers
(GCF, saliva, serum)

?

?

?

Periodontitis grade

Question marks are used as placeholders by Tonetti et al. until substantiated evidence becomes available on markers.
Taken from the Journal of Clinical Periodontology.

1.5. Periodontitis and systemic disease
1.5.1. Epidemiology of associated diseases
PD is viewed as a chronic inflammatory disorder of the mouth, although
collective evidence has emerged over the past 20-30 years indicating that the
impact of disease may extend well beyond the oral cavity. It has been suggested
that PD is associated with a multitude of inflammatory comorbidities including
type 2 diabetes mellitus, rheumatoid arthritis (RA), Alzheimer’s disease,
hypertension, CVD, colorectal cancer and adverse pregnancy outcomes (Preshaw
et al., 2011, Dominy et al., 2019, Czesnikiewicz-Guzik et al., 2019, Bartold and
Lopez-Oliva, 2020, Hajishengallis and Chavakis, 2021). A summary of the
association between PD, CVD and RA is provided below and further explored in
the subsequent chapters.
There is a recognised association between PD and CVD, an umbrella term for a
range of conditions impacting the heart and blood vessels (coronary heart
disease, peripheral arterial disease, aortic atherosclerosis). One of the largest
studies supporting this association is from the Academic Centre for Dentistry
Amsterdam, which evaluated over 60,000 adult patient records (>35 years old)
between 1998 and 2013 (Beukers et al., 2017). From this study, it was observed
that the incidence of atherosclerotic CVD was 4.7% in patients with PD (n=9730)
compared with 1.9% in non-PD patients (n=50,544). Notably, this association
remained even after adjustment for potential confounders such as economic
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status, sex, age, smoking, diabetes and hypertension (OR: 1.59). These findings
are supported by an earlier systematic review of 12 cohort and case-control
studies, which documented an increased incidence of atherosclerotic CVD in PD
patients across all but one study (Dietrich et al., 2013). Data from the Scottish
Health Survey found that the rate of CVD events (primarily coronary heart
disease) were associated with poor oral hygiene (n=11,869, hazard ratio: 1.7)
and serum CRP in a subset of patients (n=4830) (De Oliveira et al., 2010).
Epidemiological studies also support a link between PD and RA, a debilitating
autoimmune disease characterised by destruction of synovial joints. Independent
studies have observed a positive and potentially bidirectional relationship
between these conditions. Studying 4461 patients in NHANES III demonstrated a
higher prevalence of PD among RA patients (n=103) compared with non-RA
subjects (n=4368) when adjusting for age, sex, ethnicity and smoking status (OR:
1.82) (De Pablo et al., 2008). Conversely, a nationwide case-control study in
Taiwan observed that newly diagnosed RA (n=13,779) was positively associated
with a history of PD after adjustment for confounders such as diabetes,
geographical region and Sjögren’s syndrome (OR: 1.16) (Chen et al., 2013).
Notably, the latter study did not account for smoking which is a major shared
risk factor of PD and RA, although similar findings have been observed in smaller
single-centre studies (n=1412) (Mercado et al., 2000).

1.5.2. Correlation or causation?
It is clear from the above epidemiological studies that a positive association
exists between PD and extra-oral inflammatory diseases. However, whether this
is a correlative or indeed causative relationship remains unclear, particularly in
consideration of the high prevalence and shared risk factors between diseases.
It is widely documented that inflammation is key in the pathogenesis of several
diseases that have been associated with PD. Therefore, it is possible that an
elevated level of systemic inflammation and immune cell recruitment at distal
sites may predispose susceptible patients to comorbidities (Genco and Van Dyke,
2010, Paul et al., 2020). Accordingly, it has been found that periodontal
treatment reduces systemic markers of inflammation and improves features of
some associated systemic diseases. Periodontal treatment has been shown to
improve long-term endothelial function (Tonetti et al., 2007), lower blood
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pressure in hypertensive patients (Czesnikiewicz-Guzik et al., 2019), reduce
disease activity scores in RA patients (Okada et al., 2013, Erciyas et al., 2013)
and improve glycaemic control in type 2 diabetics (D'aiuto et al., 2018). It is
worth noting that these studies have specifically assessed surrogate markers of
disease, given the inherent ethical implications in hard endpoints such as
cardiovascular events.
A more recent theory has been proposed suggesting that release of systemic
cytokines (IL-6) may prime bone marrow precursor cells to favour osteoclast
differentiation, which links PD with other bone destructive disorders such as RA
(Hajishengallis and Chavakis, 2021). This has largely been demonstrated in
rodent models (Zhao et al., 2020), although some human evidence has been
reported. Peripheral blood mononuclear cells isolated from PD patients more
readily differentiate into osteoclasts when compared with the same cells from
healthy individuals (Herrera et al., 2014). As such, these cells may traffic to
alternative sites of bone resorption and increase osteoclastogeneis
(Hajishengallis and Chavakis, 2021). Although feasible, direct human evidence
for this mechanism remains limited and thus future research is paramount to
establish the strength of such a mechanism in the causality of systemic disease.
Another theory explaining the link between PD and associated comorbidities is
through the direct effects of periodontal bacteria. This concept is not
necessarily new, as the ‘focal infection theory’ and ‘oral sepsis hypothesis’
gained mass popularity in the early 20th century (Hunter, 1900, Kumar, 2017).
These concepts proposed that multiple chronic diseases (RA, CVD, cancer,
mental illness) were caused by the systemic translocation of bacteria and their
by-products from oral infections to distal sites. As such, total tooth extractions
were advocated as a treatment for systemic diseases including RA (Billings,
1930). Subsequently, it was noted that tooth extraction did not cure, and in
many cases worsened RA symptoms (Vaizey and Clark-Kennedy, 1939, Kumar,
2017). As a result of these findings, the theory was largely disregarded by
medical and scientific communities alike.
Despite this historic controversy, the causative role of oral bacteria in RA has
been revisited in the past 20 years. Emerging studies consistently associate
members of the subgingival plaque microbiome with RA pathophysiology (Scher
et al., 2014). This concept is not related to bacterial translocation, but instead
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postulates that the oral cavity may be the initial site of autoimmunity through
the actions of specific periodontal bacteria. Of these, several studies
demonstrate a possible role for P. gingivalis and A. actinomycetemcomitans in
this process, which is further discussed within chapter 2.

1.6. Periodontal treatment
1.6.1. Non-surgical periodontal therapy
Periodontal treatment encompasses several processes including oral hygiene
guidance and patient-performed oral hygiene control, non-surgical and surgical
therapy. Of those performed clinically, non-surgical periodontal therapy (NSPT)
has been the first-line treatment for over a century (Ower, 2013). In some cases
NSPT may be supplemented with local and systemic antimicrobial adjuncts,
however, current guidelines state there is insufficient evidence to warrant
routine use of antibiotics compared with NSPT alone (Scottish Dental Clinical
Effectiveness Programme, 2014). Historically, NSPT involved scaling and root
planning whereby supra and subgingival biofilms, calculus and ‘contaminated
root cementum’ were removed through the use of extensive hand
instrumentation – leaving a smooth root surface free of bacterial agents. Root
planning is an invasive procedure featuring removal of tooth structure, and was
implemented to detach bacterial endotoxins believed to have penetrated the
cementum (Fine et al., 1980). Under this protocol, treatment was performed
separately in each quadrant of the mouth over several visits, and required
substantial time and technical expertise (Ower, 2013).
Subsequent studies demonstrated that root planing is not justified in NSPT as
bacterial endotoxins were found to minimally penetrate exposed roots and only
loosely adhered to extracted teeth (Nakib et al., 1982). Additionally, it was
found that complete removal of calculus from deep pockets ≥5 mm was rare in
any circumstance and was not required for successful treatment (Brayer et al.,
1989, Robertson, 1990). Protocols for root surface debridement were thus
implemented as an alternative to root planing, involving lighter instrumentation
to obtain a clean surface without removal of the tooth structure (Ower, 2013). If
NSPT is unsuccessful then surgical therapy may be employed, and this can be
beneficial in pockets exceeding 6 mm (Heitz-Mayfield et al., 2003). Within this
thesis, NSPT is used as a general term to describe non-surgical instrumentation
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phase of treatment, while full mouth debridement (FMD) is used when relating
to the completion of all subgingival instrumentation within a 24 hour period.

1.6.2. Types of instrumentation
Root surface debridement may be performed using hand and ultrasonic
instruments in combination or in isolation (figure 1.8). Hand instruments
comprise various specially designed curettes with a sharpened blades to
mechanically remove plaque and calculus. These instruments offer greater
tactile awareness and benefit from a lack of aerosol production, although
require greater treatment time and expertise, repeated sharpening and induce
greater levels of operator fatigue (Krishna and De Stefano, 2016).
Ultrasonic instruments are a subset of ‘machine driven instruments’ used in
NSPT. Various ultrasonic tip inserts are available depending on requirements,
which feature vibrating metallic tips that are cooled via irrigation (commonly
water). Ultrasonic instruments benefit from faster treatment times, reduced
root surface damage, flushing effects of coolant irrigation and greater operator
comfort, although generate extensive aerosol and leave a rougher surface
compared with hand instruments (Kocher et al., 2001). For this reason, hand
instruments may be used to smooth root surfaces following ultrasonic treatment
(Ruppert et al., 2002). Although different in their mechanism of action,
extensive analysis has revealed no significant differences in the clinical efficacy
when using hand or ultrasonic instruments as monotherapies (Ioannou et al.,
2009, Suvan et al., 2019).

Figure 1.8. Different instruments used in non-surgical periodontal therapy. Hand (A)
and ultrasonic (B) instruments with labelled sections. Image created using BioRender.
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1.7. Summary and thesis overview
The literature reviewed throughout this chapter has outlined the multifaceted
nature of PD. Previously considered a disease dictated solely by subgingival
plaque biofilms, it has become increasingly clear that the host immune response
plays a pivotal role in PD onset, progression and potential susceptibility. Despite
increased understanding of PD pathophysiology, it remains one of the most
prevalent and costly diseases of mankind. Current treatment protocols,
particularly NSPT, are beneficial but not ubiquitously successful with several
patients requiring further treatment.
There is therefore an unmet need to better understand the response to
periodontal treatment - both in terms of host and microbial changes. This can
potentially help identify novel and improved treatment modalities, identify
patients who require specific targeted treatment adjuncts, and offer insight into
the systemic implications of treating PD. As such, this thesis aimed to further
explore the host and microbial response to NSPT using two independent clinical
studies. The first is a longitudinal cohort study presented in chapters 2 and 3,
the second is a randomised controlled trial (RCT) presented in chapters 4 and 5.
Detailed aims are provided within each chapter, and an overview schematic of
each study is provided below (figure 1.9).
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Study 1

Study 2

Longitudinal cohort study

Randomised controlled trial

Baseline

Baseline

Chapter 2

Ultrasonic
instrumentation

FMD

Clinical data, serum
antibody titres and
inflammatory proteins
NSPT

Day 90

Hand
instrumentation

Chapter 4
Clinical data, serum
inflammatory proteins,
saliva and GCF cytokines

Day 1

Chapter 3

Chapter 5

Salivary and GCF
cytokines, subgingival
plaque microbiome

In vitro biofilm model,
subgingival plaque
microbiome

Day 7

Day 90

Figure 1.9. Overview of the two studies used throughout this PhD thesis. Study 1 is a longitudinal cohort study presented within chapter 2 and 3.
Study 2 is a randomised controlled trial presented within chapter 4 and 5. NSPT; Non-surgical periodontal therapy, FMD; Full-mouth debridement.
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Chapter 2
Evaluating the impact of periodontal
inflammation, smoking status and nonsurgical treatment on anti-citrullinated
protein antibody titres
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2.1. Introduction
Despite being historically viewed as a disease limited to the oral cavity, PD has
become increasingly associated with systemic diseases involving chronic
inflammation and immune dysregulation. Notably, as mentioned throughout
chapter 1, numerous studies highlight a positive and potentially bidirectional
relationship between PD and RA. Both diseases share genetic and environmental
risk factors, along with similar pathophysiological processes. For example, both
PD and RA involve cellular infiltration at an inflammatory focus, express similar
cytokine profiles and result in irreversible immune-mediated destruction of bone
and connective tissue (Culshaw et al., 2011).
RA is an autoimmune disease of unknown aetiology, with systemic effects that
result in a 54% higher mortality rate compared with that of the general
population (Van Den Hoek et al., 2017). Several systemic inflammatory markers
have been well characterised in RA patients, including pro-inflammatory
cytokines (TNFα, IL-6) that drive the production of CRP, which can be employed
diagnostically (Anderson et al., 2012). The same systemic cytokines and acute
phase proteins also appear to be elevated in PD patients compared with
periodontally healthy controls (Slade et al., 2000, Noack et al., 2001,
Hajishengallis and Chavakis, 2021), although the strength of relationship is far
less robust than in RA.
Alongside common risk factors and pathologic processes, there is evidence to
suggest a causal mechanism between PD and RA. A theory which has gained
considerable traction in recent years is that certain members of the oral
microbiota may trigger the generation of anti-citrullinated protein antibodies
(ACPAs). ACPAs are autoantibodies that target citrulline containing peptides.
Citrulline, the deiminated form of arginine, arises only via post-translational
modification. Importantly, arginine is a positively charged amino acid whilst
citrulline is neutral (Yamada et al., 2005). This means that citrullination induces
an overall net change in protein charge, conformation and potentially function,
thereby increasing the antigenicity of citrullinated proteins (Raptopoulou et al.,
2007).
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Serum IgG ACPAs are observed in 70% of RA patients and have been used as
sensitive and specific diagnostic markers (Rantapää-Dahlqvist et al., 2003,
Farquharson et al., 2012). Under normal conditions, citrullination is catalysed by
five host peptidylarginine deiminase (PAD) isoenzymes (PAD1-4, 6) in the
presence of calcium. This process has been found to occur during apoptosis
where membrane damage causes an influx of extracellular calcium, activating
PAD enzymes which likely lead to a loss of protein function. It is believed that
dysregulated, or indeed off-target, citrullination may drive the formation of
ACPAs and development of RA (Darrah and Andrade, 2018). Accordingly, positive
serum ACPA titres may be found up to 10 years prior to the clinical onset of RA,
suggesting that autoantibody generation may occur out with the joints (Bizzaro
et al., 2013, Guo et al., 2018).
As described in chapter 1, P. gingivalis is a disease-associated anaerobic
bacterium frequently isolated from subgingival plaque samples. Remarkably, this
bacteria is the only known prokaryote to express a PAD enzyme, termed P.
gingivalis peptidylarginine deiminase (PPAD) (Mcgraw et al., 1999). This enzyme
is capable of citrullinating both P. gingivalis and host proteins (Wegner et al.,
2010), and PPAD activity has been suggested as one possible link between PD
and the development of RA (Cheng et al., 2017). Gingipains are another potent
virulence factor produced by P. gingivalis. Two of these gingipains (RgpA and
RgpB) are known to cleave host proteins at arginine residues, thus creating an
appropriate substrate for PPAD induced citrullination (Farquharson et al., 2012)
which may be followed by ACPA generation in the periodontium. In line with this
theory, citrullinated proteins have been found in periodontium of PD patients
(Nesse et al., 2012), and ACPA positive individuals display an elevated
abundance of P. gingivalis compared with healthy controls (Mankia et al., 2019,
Cheng et al., 2021). Some studies have further demonstrated that RA patients
harbour a more ‘dysbiotic’ subgingival plaque microbiota (Lopez-Oliva Santa
Cruz et al., 2018), with others showing elevated abundance of specific genera
(Prevotella, Leptotrichia) compared with health (Scher et al., 2012).
Although P. gingivalis has received much attention and attribution for the link
between PD and RA, it is not the only periodontal bacterium to do so. Another
PD-associated bacteria, A. actinomycetemcomitans, has also been recently
shown to trigger ACPA generation. This bacterium has received substantial
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attention in periodontal research due to its association with aggressive forms of
PD (Aberg et al., 2015). In contrast to P. gingivalis, there is no PAD expression
by A. actinomycetemcomitans. Instead, another virulence factor known as
leukotoxin A (LtxA) is thought to be responsible for the generation of ACPAs. It
has been demonstrated that this pore forming toxin is capable of inducing
neutrophil lysis, causing hyperactivation (via calcium influx) of host PADs which
facilitate citrullination (Konig et al., 2016). Clinical evidence for this mechanism
has also been reported in a case study involving an ACPA-positive RA patient
with endocarditis induced by a leukotoxic A. actinomycetemcomitans strain
(Mukherjee et al., 2018). It was found that joint symptoms resolved and ACPA
titres normalised following antibiotic therapy, albeit this is limited to a single
patient.
Following generation, ACPAs are believed to play a key role in RA pathogenesis
by binding naturally citrullinated human proteins (fibrinogen, enolase, vimentin)
in synovial joints. In a ‘two-hit’ model, it has been suggested that the initial
trigger for ACPA generation may be through bacterial induced citrullination in
the oral cavity (first hit), which is followed by epitope spreading to synovial
joints where antibodies cross-react and bind naturally citrullinated proteins
(second hit) (Wegner et al., 2010, Lundberg et al., 2010). Given these previous
epidemiological and mechanistic associations between PD and RA, this chapter
sought to evaluate the association between systemic ACPAs, antibacterial
antibodies directed against periodontal bacteria and inflammatory proteins
(CRP, IL-6, TNFα) in a cohort of PD patients. Additionally, longitudinal
alterations in these variables following NSPT were assessed. Specifically, this
chapter sought to answer the following research questions;
•

In a cohort of PD patients, are serum ACPAs associated with elevated
antibacterial antibody titres and inflammatory proteins?

•

Does NSPT reduce serum ACPAs, antibacterial antibody titres and
inflammatory proteins?

•

Are serum ACPAs, antibacterial antibody titres and/or inflammatory proteins
influenced by periodontal inflammation or smoking status?
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2.2. Materials and methods
2.2.1. Study outline
This longitudinal cohort study was carried out within Glasgow Dental Hospital
from 2017 until September 2018. The study was designed as an exploratory study
to evaluate changes in serum antibody titres and inflammatory proteins
following periodontal treatment.

2.2.1.1. Recruitment and ethical considerations
The study received ethical approval from London – Stanmore Research Ethics
Committee (REC reference: 14/LO/2064) and was conducted in accordance with
the Declaration of Helsinki 1975 (revised in 2013). The study was sponsored by
NHS Greater Glasgow and Clyde Research & Development (GN16DN404). For
recruitment, patients were referred to the Unit of Periodontics at Glasgow
Dental Hospital. At the initial appointment at Glasgow Dental Hospital, patients
were approached regarding participation in this study and supplied with a
patient information leaflet (PIL). Patients could withdraw at any time without
compromising their periodontal treatment.

2.2.1.2. Inclusion and exclusion criteria
Inclusion criteria were PPD of ³ 5 mm on 2 or more teeth at non-adjacent sites
excluding third molars, as has been described previously (Page and Eke, 2007);
requiring periodontal treatment at Glasgow Dental Hospital; written informed
consent; male or female ≥ 18 years of age. Exclusion criteria were patients with
a known diagnosis of RA or other condition likely to notably impact the systemic
immune response; known or suspected risk of tuberculosis; hepatitis B or HIV
infections; requiring interpreter or non-English language written material to
provide written, informed consent; history of bleeding diathesis.

2.2.1.3. Sample size
This exploratory study sought to further investigate the effect of periodontal
treatment on serum ACPAs. A previous study comparing serum ACPAs in 39 PD
patients pre and post NSPT observed a statistically significant reduction in nonsmokers (n=23) only, but no difference in current smokers. The current study
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sought to confirm these findings using a study with similar design. With the
exception of our own previous study, there was limited published appropriate
data to allow a formal calculation of sample size, therefore, the analysis
conducted must still be viewed as pilot and exploratory in nature. A pragmatic
group size of n=45 allowed for potential drop out and this, along with our
previous data, could be used to power future trials.

2.2.2. Treatment and visit scheduling
A flow chart outlining the study is provided in figure 2.1. All patients attended
an initial treatment visit where baseline clinical data and samples (serum,
saliva, GCF and subgingival plaque) were collected. During this visit, patients
were provided with detailed oral hygiene advice and supragingival scaling.
Following this visit, NSPT was performed over multiple visits. Patients were
generally treated in quadrants (4 visits), or according to patient and clinician
preference for treatment scheduling. All patients returned 90 days (±14 days)
after the last treatment visit, where samples were re-taken for analysis.
Non-surgical treatment was administered by a single experienced dental
hygienist in Glasgow Dental Hospital Clinical Research Facility. Treatment
consisted of detailed oral hygiene instruction, and supra and subgingival scaling
using a combination of hand and ultrasonic instruments, with local anaesthetic if
required. At each treatment visit, oral hygiene instructions and dental health
education were reinforced by the clinician. Three patients were excluded due to
a new diagnosis of systemic disease throughout the study period.
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Patients referred to GDH
Unit of Periodontics

Eligibile patients diagnosed
periodontitis and treatment
planned at GDH?

No

Discharged for
continuing care

No

Continue patient
journey

Yes

Attends first screening visit

Consent to participate?

Yes

Baseline

Sample collection,
periodontal examination,
oral hygiene advice and
superficial scaling
(N=45)

Excluded due to
new diagnosis of
systemic disease (n=3)

Subsequent treatment visits
(1-6)

Attends 90 day review
following completion of
treatment. Verbal check of
consent to continue
participation?

No

Continue patient
journey

Yes

Day 90

Sample collection and
periodontal examination
(N=42)

Figure 2.1. Study flow chart. Eligible patients were recruited among referrals to the
Unit of Periodontics at Glasgow Dental Hospital (N=45). Blue arrows indicate sample
timepoints during the study. During the treatment period, three patients were excluded
due to new diagnosis of systemic disease (N=42). GDH; Glasgow Dental Hospital.
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2.2.3. Clinical examination
The LGM, PPD, BoP, and presence of dental plaque (‘periodontal parameters’)
were assessed by a single experienced dental hygienist at six sites per tooth at
the initial screening visit prior to any treatment (baseline) and 90 days following
the last treatment visit (day 90). Full-mouth plaque scores (FMPS) were assessed
by assigning a binary score to each site and are presented as the percentage of
total sites in the mouth with the presence of plaque (O'leary et al., 1972).
Similarly, BoP was assessed by dichotomously measuring the presence of
bleeding and are presented as a percentage of total sites (Full-mouth bleeding
index; FMBS) (Ainamo and Bay, 1975). Both PPD and LGM were recorded to the
nearest millimetre per sites and divided by the total number of sites to give fullmouth scores. The CAL was then calculated by addition of PPD and LGM per site
and divided by the total number of sites to give full-mouth scores. The PISA was
calculated as described previously (Nesse et al., 2008) using BoP and PPD.

2.2.4. Sample collection and processing
2.2.4.1. Serum
Samples were collected at baseline and day 90 prior to periodontal
measurements. Blood was collected via venepuncture into ‘serum-collection
tubes’ containing silica particles which activate coagulation (Vacuette, Grenier
bio-one, Gloucestershire, UK). Samples were incubated at room temperature for
30 minutes to facilitate the coagulation process. After this period, tubes were
centrifuged at 2500 RPM for 10 minutes to separate serum (MegaStar 1.6R, VWR,
Lutterworth, UK). Serum samples were then aliquoted into sterile Eppendorf
tubes (500 µL per tube) and stored at -80°C until analysis.

2.2.5. Analysis of serum
2.2.5.1. Antibacterial IgG antibody titres
Bacterial strains: P. gingivalis ATCC BAA-308 (W83), P. intermedia ATCC 25611,
F. nulceatum subsp. polymorphum ATCC 10953 and A. actinomycetemcomitans
ATCC 43718 (Y4, serotype b) were used throughout these experiments. All
selected strains have been used previously to assess serum antibacterial IgG in
PD patients within various clinical studies (Noble et al., 2014, Nishi et al., 2020,
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Shelburne et al., 2008, Aoki et al., 2020, Konig et al., 2016). Frozen bacterial
stocks (stored on 10% glycerol beads at -80°C) were cultured onto suitable agar
media. For P. gingivalis, P. intermedia and F. nulceatum, Fastidious Anaerobic
Agar (FAA) was used (Oxoid, Hampshire, UK). Beads were streaked onto agar
plates and incubated in a 37°C anaerobic cabinet (Don Whitley Scientific,
Shipley, UK) with anaerobic gas influx (5% CO2, 10% H2 and 85% N2) for 48 hours.
Following growth, 2-3 isolated colonies from each strain were inoculated into 25
mL of de-oxygenated Schaedler anaerobic broth (SCH) (Oxoid, Hampshire, UK)
and incubated for a further 48 hours. For A. actinomycetemcomitans, Columbia
Blood Agar (CBA) was used (Oxoid, Hampshire, UK), and plates were incubated
at 37°C in a 5% CO2 incubator. Following growth, individual colonies were
inoculated into 25 mL Tryptic Soy Broth (TSB) (Oxoid, Hampshire, UK) for a
further 48 hours. Following growth of all broths, organisms were pelleted by
centrifugation at 4000 RPM for 10 minutes (AWEL C20 model, Blain, France) and
washed with PBS. This washing process was repeated 3 times, and pellets were
stored at -80°C until use.
Frozen stocks of bacteria were heat-killed by incubation at 70°C for 2 minutes
and then transferred immediately to an icebox. Serum IgG antibody titres
against periodontal bacteria were determined using indirect enzyme linked
immunosorbent assays (ELISAs) as outlined previously (Mooney et al., 1993).
Briefly, Imunolon 1B low-binding microtiter plates (Thermofisher, Loughborough,
UK) were coated overnight at 4°C with 100 µL heat-killed whole-cells in
carbonate bicarbonate buffer at pH 9.6 (Sigma Aldrich, Gillingham, UK). Optimal
coating concentrations of each organism were previously determined using
serum from 10 healthy controls and 12 PD patients. Serum from healthy patients
was taken from a historic study (University of Glasgow MVLS ethics committee
number 2011002), with the 12 patients in the current study with the highest PISA
used for PD controls. Additional optimisation steps included comparing the use
of whole cells in EDTA versus non-EDTA, and foetal bovine serum (FBS) versus
bovine serum albumin (BSA) as blocking buffers. The final standard curves for
optimised assays displaying healthy and PD patient control serum are displayed
in figure 2.2.
The selected concentrations were OD550nm 0.06 for P. gingivalis and Prevotella
intermedia, 0.08 for Fusobacterium nulceatum and 0.04 for A.
49

actinomycetemcomitans. After coating, wells were washed using 0.05% tween20
in PBS and blocked using 200 µL 10% FBS in PBS (Gibco, Thermofisher,
Loughborough, UK) for one hour at 37°C. After blocking, 100 µL serum dilutions
were added to wells ranging from 1:50 to 1:400 for patient samples in duplicate.
The same PD and healthy control serum, alongside blank samples (dilution buffer
only) were assayed on every plate. Following sample addition, plates were
incubated for 2 hours at 37°C. Plates were then washed and bound antibody was
detected using 100 µL biotin conjugated anti-human IgG antibodies (γ-chain
specific) for 1 hour, 100 µL extravidin peroxidase for 1 hour and 3,3’,5,5’Tetramethylbenzidine (TMB) substrate (Sigma Aldrich, Gillingham, UK). The TMB
reaction was stopped after approximately 15 minutes using 2N hydrochloric acid,
and absorbance read at 450nm with correction at 570nm (FLUOstar Omega
Microplate Reader, BMG Labtech, Ortenberg, Germany). All data were blank
corrected prior to interpolation.
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Figure 2.2. Optimisation curves for serum antibacterial IgG antibody titres. To optimise
the antibacterial ELISA assays, IgG antibodies directed against F. nulceatum (A), A.
actinomycetemcomitans (B), P. intermedia (C) and P. gingivalis (D) were assessed in the
pooled serum of 12 PD and 10 healthy patients. Results are representative of three
independent experiments (each run in duplicate). Linear regression was performed to
establish reproducibility of optimised coating concentrations for each organism. Values
plotted are means ± standard deviation.
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2.2.5.2. Calculating ELISA units
Using the optimisation curves outlined in figure 2.2 as guidance, patient and
control serum were added to plates in 1:50, 1:100, 1:200 and 1:400 dilutions. To
account for plate-to-plate variation, and standardise results to allow for
comparison, antibody titres were calculated as ELISA units (EUs, figure 2.3).
These were determined by assessing the intercept produced from patient
samples against the intercept of control serum, as described previously (Mooney
et al., 1993, Lappin et al., 2013).

2000 ELISA units

*

1000 ELISA units

*

500 ELISA units

*
1/50

1/100

1/200

1/400

Serum dilution
Figure 2.3. Theoretical calculation of ELISA units for antibacterial antibody titres. EUs
were determined for patient samples by comparison to a PD control serum. The
intercept produced from diluting PD control serum (red) is arbitrarily defined as 1000
EUs. The intercept from diluting patient samples is then compared to this value. For
example, a patient sample with exactly double the IgG titre of the control (blue) would
be 2000 EUs. Similarly, a sample with exactly half the IgG titre of the control (grey)
would be 500 EUs.
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2.2.5.3. Serum ACPAs
Serum ACPAs were determined using a semi-quantitative, commercially available
anti-CCP2 ELISA assay ‘Immunoassay CCPlus®’ (EuroDiagnostica AB, Malmö,
Sweden). Assays were performed according to the manufacturer’s instructions.
In brief, patient samples, standards and controls were diluted 1in5 (20 µL serum,
80 µL dilution buffer) and added to wells precoated with citrullinated synthetic
peptides, alongside concentration standards (3200-12.5 AU/mL). Plates were
incubated at room temperature for 2 hours, before being washed with 0.05%
tween20 in PBS (PBST). After washing, 100 µL horse radish peroxidase (HRP)
labelled anti-human IgG was added to wells. Wells were washed with PBST and
100 µL TMB substrate was added for 15 minutes. The reaction was stopped using
100 µL sulphuric acid (0.5M). Absorbance was measured at 450nm with correction
at 570nm (FLUOstar Omega, BMG Labtech). All samples were assayed in
duplicate, and a standard curve was constructed by plotting the mean
absorbance for each standard against anti-CCP2 concentration. The level of antiCCP2 antibodies in patient samples were interpolated using a 4-parameter curve
fit (GraphPad PRISM, V8). All data were blank corrected prior to standard curve
interpolation. As per assay guidelines, the diagnostic cut-off for positivity was 25
AU/mL. The limit of detection (LOD) for this assay was 2.29 AU/mL, determined
by addition of the mean blank value plus the standard deviation of blanks
multiplied by two. Seven samples (8.3%) were <LOD (4 at baseline, 3 at day 90),
these were assigned a value of LOD/2 for statistical analysis. Herein, ‘ACPAs’ are
referred to as anti-CCP2 IgG. These assays were conducted alongside Emily
Davison.

2.2.5.4. Total serum IgG
Total serum IgG was quantified using a commercially available sandwich ELISA
assay (Invitrogen, Paisley, UK). In brief, microtiter plates (Corning™ Costar™)
were coated with 100 µL purified anti-human IgG monoclonal antibody (capture
antibody) overnight at 4°C. Following incubation, wells were blocked for 2 hours
using 1% BSA. Patient samples were then diluted between 1:250,000 and
1:500,000 and 100 µL was added to wells for 1 hour. Recombinant human IgG
was used for generating a standard curve (ranging 1.6-100 ng/mL). After sample
incubation, 100 µL HRP-conjugated anti-human IgG monoclonal antibody
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(detection antibody) was added for 1 hour, followed by 100 µL TMB substrate
solution for 15 minutes to detect signal. The reaction was stopped using 100 µL
1M phosphoric acid (H3PO4) and absorbance was measured at 450nm with
correction at 570nm. The concentration of serum IgG in patient samples were
interpolated from the standard curve using a 4-parameter curve fit (GraphPad
PRISM, V8). All data were blank corrected prior to standard curve interpolation.

2.2.5.5. C-Reactive Protein (CRP)
Serum hsCRP (herein termed CRP) was quantified at the British Heart Foundation
Glasgow Cardiovascular Research Centre. Levels of serum CRP were measured
via immunoturbidometry using the Cobas C311 analyser (Cobas, Roche
Diagnostic, Mannheim, Germany). This method incorporates anti-CRP antibodies
which bind the analyte and cause turbidity. Sample preparation and loading was
performed as per the manufacturer’s instructions using the high-sensitivity CRP
kit. All samples fell within the recommended measuring range (0.15 – 20.0 mg/L)
and had been freeze-thawed on one occasion prior to analysis. A random subset
of samples were assayed on multiple occasions to assess variability, alongside
positive control samples with known CRP concentration. Repeated assaying
generated results within 0.01 mg/L of the original concentration, with control
samples falling within 0.03 mg/L of expected concentrations.

2.2.5.6. Proximity extension assays (IL-6 and TNFa)
Serum IL-6 and TNFa were determined using high-sensitivity ProQuantum qPCR
immunoassays (Thermofisher, Loughborough, UK) measured on a StepOnePlus
real-time PCR system (Applied Biosystems). These kits are proximity extension
assays (PEAs), which amplify oligonucleotide-labelled antibodies that bind to the
target protein. Assays were performed according to manufacturer’s guidance. In
brief, patient samples were initially diluted 1:5 with assay dilution buffer (2 µL
patient sample, 8 µL of assay dilution buffer). Antibody conjugates directed
against each analyte of interest were diluted 1:60 with antibody conjugate
dilution buffer (5 µL antibody conjugate A, 5 µL antibody conjugate B, 290 µL
antibody conjugate dilution buffer). Once mixed, diluted samples, standards,
controls and antibodies were added to 96-well qPCR plates in a 1:1 ratio (2 µL
diluted sample, 2 µL antibody conjugates). The plate was mixed thoroughly and
incubated at room temperature for 1 hour. Following incubation, a qPCR
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mastermix was prepared by adding 15 µL ligase to 2.5 mL pre-prepared
mastermix supplied with the kit. Once mixed, 16 µL of mastermix was applied to
each well (20 µL in total) and plates were centrifuged at 1000 RPM for 1 minute.
The qPCR was then performed using the following reaction settings: 25°C for 20
minutes to facilitate ligation, 95°C for 2 minutes to inactivate ligase followed by
40 amplification cycles of 95°C for 3 seconds and 60°C for 30 seconds. Once
complete, the Ct values from samples was compared to the Ct values of
standard curves (1000-0.0128 pg/mL for both assays) using a 4-parameter curve
fit. The LODs for IL-6 and TNFa were 0.12 pg/mL and 0.01 pg/mL respectively.
Seventeen samples (20%) were <LOD for TNFa (10 at baseline, 7 at day 90) and
none were <LOD for IL-6 assays. Samples <LOD were given as LOD/2 for
statistical analysis.

2.2.6. Statistical analysis
2.2.6.1. Clinical data
Prior to statistical analysis, data distribution was visually assessed using
histograms. Due to their skewed distribution, clinical data are presented as
median (Q1 [25th percentile] – Q3 [75th percentile]) for continuous data or n (%)
for categorical data. Differences in clinical data between baseline and day 90
was assessed using paired samples t-tests (parametric distribution) or Wilcoxon
signed-rank tests (non-parametric distribution). Likewise, correlations between
PISA and conventional periodontal parameters were assessed using Pearson
(parametric distribution) or Spearman-Rho (non-parametric distribution)
correlation co-efficient. Data analysis was conducted using GraphPad PRISM
version 8 (GraphPad Software, California, USA). For post-hoc analysis, patients
were split into mild-moderate or severe disease groups according to baseline
PISA values, using reference ranges outlined previously (Leira et al., 2018).
For the purposes of this thesis a general rule was used to describe the strength
of correlation coefficients in comparison to previous thresholds (Mukaka, 2012).
Correlation coefficients between 0 and ±0.3 are considered negligible, ±0.3 to
±0.5 are considered weak, ±0.5 to ±0.7 are considered moderate and anything
greater than or equal to ±0.7 considered strong. Given the arbitrary nature of
this threshold and exploratory nature of the analyses, this general rule was
considered in the context of the specific comparison when describing results.
55

2.2.6.2. Serum analytes
All serum analytes followed a non-parametric distribution. Therefore,
longitudinal differences in these variables were assessed using Wilcoxon signedrank tests. Correlations between serum analytes and periodontal clinical
parameters were assessed using Spearman-Rho correlation co-efficient.
Comparisons between groups was performed using Kruskall-Wallis tests with
Dunn’s post-hoc (smoking categories) or Mann-Whitney U-tests (PISA groups).
Data analysis was conducted using GraphPad PRISM version 8 (GraphPad
Software, California, USA).
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2.3. Results
2.3.1. Study population
2.3.1.1. Baseline demographics and clinical parameters
In total, 45 patients with PD who required specialist periodontal treatment at
Glasgow Dental Hospital Unit of Periodontics were recruited to this study. During
the course of the study, 3 patients were excluded due to a new diagnosis of
systemic disease, meaning 42 patients were included for analysis. The baseline
demographics and periodontal parameters for included patients are outlined in
table 2.1.
The median age of patients was 50 years old, with 12 males and 30 females. The
median number of teeth was 27, which remained unchanged throughout the
course of the trial. Of the 42 patients, 15 had never smoked (36%), 17 were
former smokers (40%) and 10 were current smokers (24%). All patients received
NSPT with varying numbers of treatment visits, dependent on baseline disease
severity and patient preference for treatment scheduling (median; 4 visits,
ranging from 1-6). One patient attended 1 treatment visit, 10 patients attended
2 treatment visits, 9 patients attended 3 treatment visits, 17 attended 4
treatment visits, 2 patients attended 5 treatment visits attended 3 patients had
6 treatment visits.

57

Table 2.1. Baseline demographics and clinical variables of patients completing the
study. Data are presented as median (Q1, Q3) or n (%). n=42.
Variable

Median (Q1, Q3)

Min, Max

Total patients included

42

N/A

Age in years

50.00 (41.25, 58.50)

27.00, 75.00

Sex: Male, Female (n, %)

12 (29%), 30 (71%)

N/A

Smoking
never, former, current (n, %)

15 (36%), 17 (40%), 10 (24%)

N/A

Treatment visits

4.00 (2.00, 4.00)

1.00, 6.00

Number of teeth

27.00 (24.75, 28.00)

17.00, 32.00

Full-mouth plaque score (%)

71.00 (46.75, 76.50)

12.00, 92.00

Full-mouth bleeding score (%)

61.00 (32.75, 76.25)

2.00, 100.00

Clinical attachment loss (mm)

4.43 (3.73, 5.33)

3.17, 7.12

Periodontal probing pocket
depth (mm)

3.59 (3.08, 4.16)

2.53, 5.54

Pockets ≥5 mm (%)

27.50 (18.75, 41.75)

7.00, 65.00

Periodontal inflamed surface
area (mm2)

1224.60 (754.80, 1687.08)

45.60, 3655.90
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2.3.1.2. Periodontal diagnosis
There was heterogeneity in the extent of disease at baseline, evident from the
spread of values for periodontal parameters (table 2.1). For example, the
median percentage of pockets ≥5 mm was 27.50% but ranged from 7.00% to
65.00%. Post hoc, patients were re-diagnosed according to the 2017
classification of periodontal disease (Papapanou et al., 2018). Almost all
patients (n=40) were diagnosed with generalised PD, with the remaining patients
suffering from Localised Stage IV Grade C PD (n=2).
Assessing the entire cohort, the majority of patients were diagnosed with Stage
III or Stage IV PD (n=38, 90.50%), indicative of severe disease. A single patient
was diagnosed with Stage I, with 3 patients diagnosed with Stage II. Likewise,
over half of patients (n=26, 61.90%) were diagnosed with Grade C PD,
representing a rapid rate of disease progression. Whilst 13 (31.00%) and 3
(7.10%) were diagnosed with Grade B and Grade A respectively (Table 2.2).

Table 2.2. Periodontal diagnosis of patients included in this study according to the 2017
classification of periodontal disease (Papapanou et al., 2018). Data is presented as a
matrix where each value indicates the number of patients with each diagnosis.
Stage

Grade

I

II

III

IV

A

1

2

-

-

B

-

1

9

3

C

-

-

6

20
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2.3.2. Clinical improvement following NSPT
2.3.2.1. Longitudinal analysis of clinical periodontal parameters
Periodontal parameters (FMPS, FMBS, CAL, PPD and PPD ≥5 mm) were measured
at baseline and 90 days following NSPT (figure 2.4). Based on data distribution
at both timepoints, paired samples t-tests were used to assess longitudinal
alterations in PPD and CAL, with Wilcoxon signed-rank tests used for FMPS, FMBS
and PPD ≥5 mm. At day 90, a significant improvement was noted in all clinical
parameters when compared with baseline. Median plaque scores decreased from
71.00% to 12.00% following treatment (p<0.001, figure 2.4A), with bleeding
scores reducing from 61.00% to 8.00% (p<0.001, figure 2.4B). Patients recorded
a median gain in attachment levels of 0.81 mm across all recorded sites
(p<0.001, figure 2.4C). The mean PPD of all sites improved from 3.67 mm
(±0.74) at baseline to 2.78 mm (±0.45) at day 90 (p<0.001, figure 2.4D), with
median deep sites (≥5 mm) reducing from 27.50% to 9.00% following treatment
(p<0.001, figure 2.4E).
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Figure 2.4. Comparison of periodontal parameters at baseline and day 90. Data represent full-mouth plaque scores (A), full-mouth
bleeding scores (B), clinical attachment loss (C), periodontal probing pocket depths (D) and pockets ≥5 mm (E). Tukey boxplots at each
timepoint are shown, with individual points highlighting potential outliers, horizontal line representing median and ‘+’ representing mean.
Statistical analyses refer to either paired samples t-test (CAL, PPD) or Wilcoxon signed-rank test (FMPS, FMBS, Pockets ≥5 mm), depending
on data distribution (***p<0.001). BL; baseline, D90; day 90 (n=42).
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2.3.2.2. Clinical success criteria
To evaluate the degree of treatment success in this study in the wider context,
clinical improvement was compared to published success criteria. Previous
studies have used various criteria to identify NSPT treatment success or
determine high and low response groups. Nine different success criteria were
identified that had been previously published in peer-reviewed journals or
routinely clinically used throughout Glasgow Dental Hospital (table 2.3).
Included criteria fell into one of two categories. The first category was criteria
dependent on set values relating to different periodontal indices (Scottish
Dental Clinical Effectiveness Programme, 2014, Lang and Tonetti, 2003, Hughes
et al., 2006, Eick et al., 2017, Suvan et al., 2019, Greenwood et al., 2020, Feres
et al., 2020). The second category was cohort dependent, meaning response
criteria depended on the mean or median of the specific cohort under study
(Bizzarro et al., 2016, Grande et al., 2020).
The SDCEP guidelines which are used in clinical practice across Scotland focus on
three parameters: FMPS, FMBS and site-specific PPD. Similar parameters are
utilised by Lang and Tonetti (2003), with the exception of FMPS. The remaining
‘set-value’ criteria all focussed on the proportion of responding or remaining
deep sites (≥5 mm) following treatment. In addition to studies explicitly
outlining criteria for treatment success, the average pocket closure from a
recent systematic review, defined as ≥57.00%, was included to provide a general
reference to several previous studies involving NSPT.
In contrast to studies outlining set criteria, which mainly focussed on deep sites,
the cohort dependent criteria included alternative periodontal parameters.
From the two studies included, one was based on above the cohort median CAL
improvement (Bizzarro et al., 2016), whilst the other termed ‘good responders’
those with above mean FMBS improvement (Grande et al., 2020).
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2.3.2.3. Treatment outcomes against clinical success criteria
For evaluating treatment success, patients were assigned a number 1 through
45, with patients 3, 5 and 35 excluded as mentioned previously (figure 2.5A). If
patients met the threshold of clinical success they were deemed ‘high
responders’ (red – set criteria, blue – cohort dependent), with those not meeting
the criteria termed ‘low responders’ (grey). Despite the highly significant
reductions in clinical parameters observed previously (figure 2.4), no patient
fulfilled all of the SDCEP criteria (Scottish Dental Clinical Effectiveness
Programme, 2014). The FMPS criteria was met by 25 patients (59.50%), 26
patients met the FMBS criteria (61.90%) and no patients met the PPD criteria (all
sites <4 mm). Although at least one pocket ≥4 mm remained in every patient,
there was an overwhelming trend for the number of these deep sites to reduce
following treatment (figure 2.5B). Furthermore, the number of sites ≥4 mm at
day 90 strongly correlated with the number of sites ≥4 mm at baseline (Pearson r
= 0.705, p<0.001, figure 2.5C).
Assessing the clinical outcomes of this trial with other set criteria yielded
variable results. For example, every patient met the criteria outlined by
Greenwood et al. (2020) and all but one patient met criteria outlined by Hughes
et al. (2006). Similarly, 26 patients met the criteria outlined by Eick et al.
(2017). In contrast, very few patients met the criteria outlined by Lang and
Tonetti (2003) and Feres et al. (2020), with 10 and 5 patients deemed ‘highresponders’ respectively. As was the case with sites ≥4 mm, there was a positive
correlation between sites ≥5 mm at baseline and day 90 (Spearman r = 0.567,
p<0.001, figure 2.5D). This makes it difficult to delineate true ‘high-responders’
using this criteria, as patient’s pre-treatment disease severity carries substantial
weight on these metrics.
Other studies have used cohort dependent variables (Bizzarro et al., 2016,
Grande et al., 2020). When comparing these categories in our current cohort, an
agreement was met in only half of the patients (13 termed ‘high responders’ by
both criteria, 8 termed ‘low responders’ by both criteria, n=21). A more
accurate representation of treatment outcome may be comparison to a
systematic review which outlined typical clinical responses among a number of
previous NSPT studies (Suvan et al., 2019). Using the average pocket closure rate
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identified by this study (57.00%), it was found that 24 out of 42 patients met this
criteria in the current cohort (study average: 65.23% pocket closure). Therefore,
despite varying agreement with other set criteria, the data from the current
trial does appear commensurate with previous trials conducted with a similar
treatment regime and follow-up period (3 months).

Table 2.3. Overview of treatment success criteria used in previous studies ranging from
2003 to 2020.
Reference

Success criteria

Set criteria
Scottish Dental Clinical Effectiveness
Programme (2014)
Lang and Tonetti (2003)

FMPS <15%
FMBS <10%
All sites <4 mm PPD
<8 sites with PPD ≥5 mm
<25% FMBS

Hughes et al., (2006)

A reduction of ≥2 mm in ≥30% of ‘deep
sites’ (≥5mm at baseline)

Eick et al., (2017)

A reduction of ≥1 mm in ≥60% of ‘deep
sites’ (>4mm at baseline)

†

Suvan et al., (2019)

Greenwood et al., (2020)

Feres et al., (2020)

Pocket closure ≥57%
≥25% ‘responding sites’ (defined at sites
≥ 5mm at baseline that achieved at
least 2 mm reduction)
≤4 sites with PPD ≥5 mm

Cohort dependent

†

Bizarro et al., (2016)

Above median CAL improvement

Grande et al., (2020)

Above mean FMBS improvement

Suvan et al., (2019) refers to a systematic review outlining the average pocket closure 3 months

after periodontal treatment and was not used as a treatment success criteria in the original
study
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Figure 2.5. Schematic representation of patients fulfilling published criteria of treatment success. (A) Patients are classified into those meeting
different success criteria. (B) The number of sites ≥4 mm at each timepoint per patient (n=42). (C) Pearson’s correlation between the number of
sites ≥4 mm at baseline and day 90. (D) Spearman correlation between the number of sites ≥5 mm at baseline and day 90. Raw p-values are shown.
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2.3.2.4. Calculation of the periodontal inflamed surface area
Whilst the periodontal parameters outlined in table 2.1 and figure 2.3 provide
useful metrics to assess disease severity of patients, none accurately quantify
the degree of inflamed periodontal tissue. Given links between PD and other
inflammatory disorders (RA, CVD), quantifying inflamed periodontium has
become increasingly important. Furthermore, defining a sole metric would allow
for more accurate evaluation of the relationship between periodontal disease
and indicators of local and systemic inflammation.
To address this issue, the PISA was developed (Nesse et al., 2008), which
reflects the surface area of bleeding pocket epithelium in square millimetres
and thus provides an estimate of the local inflammatory burden posed by PD.
The calculation of PISA builds upon an earlier metric (Hujoel et al., 2001)
termed the ‘dentogingival epithelial surface area’ (DGES, figure 2.6A) which
incorporates the CAL and data from a meta-analysis of root surface areas to
quantify the root surface area that has become exposed due to disease (Hujoel,
1994). The periodontal epithelial surface area (PESA) expands on DGES to
encompass PPD rather than CAL. Multiplication of PESA by the proportion of
bleeding sites around a particular tooth generates PISA (Nesse et al., 2008).
Using the formula developed previously (Nesse et al., 2008), PISA was calculated
at baseline and day 90 (figure 2.6B). As expected, there was a large spread in
baseline PISA values (median: 1224.60mm2, range: 45.60mm2 to 3655.90mm2).
Matching with reductions found in other periodontal parameters, PISA
significantly reduced 90 days following treatment highlighting lower levels of
periodontal inflammation (p<0.001, Wilcoxon signed-rank test).
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Figure 2.6. The periodontal inflamed surface area (PISA). Schematic outlining the calculation of PISA with reference to the dentogingival epithelial
surface area (A), as outlined previously (Nesse et al., 2008). Schematic prepared using the Biorender software. Comparison of PISA at baseline (BL) and
day 90 (D90) in the current patient cohort (B). Bars represent medians with lines connecting individual patients. Statistics refer to Wilcoxon signed-rank
test where ***p<0.001.

67

2.3.2.5. Validating PISA as a metric to indicate disease severity
PISA has been adopted for use in periodontal research (Leira et al., 2018,
Sakanaka et al., 2017, Park et al., 2017); however it’s applicability as a sole
metric to indicate disease severity remains elusive. To understand whether PISA
would provide a useful indication of disease severity, we investigated the
relationship between PISA at each timepoint, and the change in PISA following
treatment (Δ) against standard periodontal parameters (figure 2.7). Correlation
analysis was performed using Pearson or Spearman-Rho correlation coefficient’s
depending on data distribution.
At baseline, there were positive associations between PISA and all conventional
periodontal parameters ranging from weak to strong (figure 2.7A). Whilst this
may be expected for some parameters directly involved in the calculation of
PISA (FMBS and PPD), positive associations were also observed with parameters
not associated with its calculation. For example, weak positive associations were
observed between PISA and FMPS (Spearman R = 0.483, p=0.0012, figure 2.7Ai)
along with PISA and CAL (Spearman R = 0.475, p=0.0015, figure 2.7iii). Similar
results were observed at day 90 (figure 2.7B) with the exception of CAL
(Spearman R = 0.124, p=0.43, figure 2.7Biii).
There was a positive association between ΔPISA and the changes in all standard
periodontal parameters to varying degrees (figure 2.7C). As expected, the
weakest correlations were found for FMPS (Pearson R = 0.369, p=0.016, figure
2.7Ci) and CAL (Pearson R = 0.425, p = 0.005, figure 2.7Ciii). Considering these
results and the strong association with PPD, FMBS and pockets ≥5 mm, PISA was
subsequently employed throughout this study as an estimate of local
inflammatory status and disease severity.
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Figure 2.7. Association between PISA and conventional periodontal parameters. Correlations were performed at baseline (A), day 90 (B) or using the
delta (day 90 minus baseline) values (C). Depending on data distribution, r and p-values refer to either Pearson (parametric distribution) or Spearman
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2.3.3. The systemic response to NSPT
2.3.3.1. Association between systemic analytes at baseline
Throughout this study six serum antibody titres (anti-P. gingivalis IgG, anti-P.
intermedia IgG, anti-A. actinomycetemcomitans IgG, anti-F. nucleatum IgG,
anti-CCP2 IgG, total IgG) and three inflammatory mediators (CRP, IL-6, TNFα)
were evaluated. To establish whether any of these were associated with
periodontal disease severity, a correlation analysis was performed between
serum antibody titres, inflammatory proteins and periodontal clinical
parameters at baseline. All serum analytes followed a non-parametric
distribution; therefore this analysis was performed using Spearman-Rho
correlation coefficients (figure 2.8).
From this analysis, there were no strong associations between any systemic
antibody titre or inflammatory marker with any periodontal parameter. All
positive associations were < 0.7; all negative associations were < -0.7 (figure
2.8). Several weak associations were observed which may become relevant in
larger powered studies. For antibody titres, weak associations were observed
between anti-A. actinomycetemcomitans IgG and PISA (R=-0.315, p=0.045), antiCCP2 IgG and FMPS (R=0.328, p=0.034) and total serum IgG and PPD (R=0.359,
p=0.019).
For systemic inflammatory mediators, CRP showed weak associations with
several periodontal parameters, including FMPS (R = 0.368, p=0.016), PPD (R =
0.315, p=0.042), PPD≥5mm (R=0.357, p=0.02) and PISA (R=0.346, p=0.025).
Similarly, IL-6 showed weak associations with FMBS (R=0.319, p=0.04), PPD
(R=0.328, p=0.034) and PISA (R=0.344, p=0.025). Within the current study, there
was insufficient evidence for an association between serum TNFα and any
periodontal parameter.
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Figure 2.8. Correlation between systemic antibody titres, inflammatory mediators and periodontal clinical parameters at baseline. Correlations
were performed using Spearman-Rho method, with individual R values displayed in a heatmap. *associated p-value <0.05. N=42 excluding anti-P.
intermedia, A.a and F. nucleatum (n=41). A.a = Aggregatibacter actinomycetemcomitans.
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2.3.3.2. Total serum IgG antibodies
Prior to analysing antibacterial IgG and ACPAs, total serum IgG was quantified at
baseline and day 90 to establish whether a longitudinal alteration in specific
IgG’s may be driven by a decrease in the total level (figure 2.9). However, no
significant differences were observed following treatment across all patients
(p=0.42, Wilcoxon signed-rank test). Recorded median values of total serum IgG
were 2.73x106 ng/mL at baseline and 2.52x106 ng/mL at day 90.
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Figure 2.9. Total serum IgG at baseline (BL) and day-90 (D90). Individual values are
shown, error bars representing median ±95% confidence interval. Statistics are Wilcoxon
signed-rank test where ns means no statistically significant difference (p>0.05). Y-axis is
log-transformed.
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2.3.3.3. Shifts in ACPAs and association with antibacterial antibodies
Having observed no association between ACPA titres and periodontal disease
severity at baseline, longitudinal alterations in ACPAs and other antibody titres
were evaluated. Despite no patients in this study being diagnosed with RA, three
patients at baseline, and six patients at day 90, met the assay positivity
threshold of 25 AU/mL (red circles, figure 2.10A). When comparing ACPAs
across all patients, there was no significant difference observed following NSPT
(p=0.12, Wilcoxon signed-rank test, figure 2.10A). Median ACPA levels were
6.84 AU/mL at baseline and 7.86 AU/mL at day 90.
Correlation analysis was performed between antibacterial IgG antibodies, total
serum IgG and ACPAs at baseline (figure 2.10B-F). One patient (#2) had limited
serum volume and was only included in analysis of ACPAs, anti-P. gingivalis IgG
and total serum IgG (n=42 for figure 2.10A,B,F, n=41 for figure 2.11C,D,E).
Negligible associations were observed between ACPAs and other IgG titres within
the current study (all p>0.05, R>-0.3<0.3). Thus, elevated antibody titres
reactive against periodontal bacteria, in particular P. gingivalis and A.
actinomycetemcomitans, did not appear strongly related to elevated serum
ACPA titres in this current study.

2.3.3.4. Longitudinal alterations in antibacterial antibody titres
Following treatment, there were no significant alterations in antibodies directed
against F. nulceatum, A. actinomycetemcomitans or P. intermedia (all p>0.05,
figure 2.11A-C). In contrast, there was a significant reduction in anti-P.
gingivalis IgG (p<0.001, figure 2.11D). Median EUs decreased from 381.5 (25th to
75th percentile: 181.2 to 793.3) at baseline to 307.3 (156.1 to 690.8) at day 90,
representing a change of -11.54% across all patients (figure 2.11E).
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Figure 2.10. Serum ACPAs in PD. Comparing ACPAs longitudinally following NSPT where
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experiments conducted with Emily Davison.
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2.3.3.5. Subgingival plaque colonisation and systemic antibody titres
There were no strong positive or negative association between antibacterial
antibody titres and periodontal clinical parameters at baseline (figure 2.8). Yet,
we observed a large spread in baseline antibody titres (figure 2.10). Serum
levels of anti-F. nulceatum IgG ranged from 263.6 EUs to 1671.0 EUs, anti-A.
actinomycetemcomitans IgG ranged from 272.6 EUs to 1024.0 EUs, anti-P.
intermedia IgG ranged 333.0 EUs to 1067.0 EUs and anti-P. gingivalis IgG ranged
from 84.12 EUs to 1429.0 EUs.
To investigate whether species colonisation in the subgingival plaque impacted
these antibody titres, IgG titres were compared between patients with
detectable and undetectable levels of each species using 16S rRNA sequencing
(section 3.2.7). All patients in the current cohort had detectable levels of F.
nulceatum. Only 3 (7%) had detectable levels of A. actinomycetemcomitans at
baseline, although an additional patient was positive at day 90. Twenty-three
patients (55%) had detectable levels of P. intermedia, and 13 patients (31%) had
detectable levels of P. gingivalis in sampled sites.
Patients with detectable P. gingivalis displayed significantly higher levels of
anti-P. gingivalis IgG in their serum when compared to those with undetectable
levels of P. gingivalis in subgingival plaque (p<0.0001, Mann-Whitney U test,
figure 2.12C). This trend was not maintained for other bacteria. ACPAs were
also compared according to subgingival plaque colonisation status of each
organism (figure 2.12E-H). For A. actinomycetemcomitans and P. intermedia,
no significant differences in ACPA titres were observed between positive and
negative patients. For P. gingivalis, positive patients appeared to display a slight
elevation in ACPA titres at baseline (p=0.03, figure 2.12H), however, it is worth
noting that 2 out of 3 ACPA-positive patients were in-fact P. gingivalis negative.
The implications of elevated ACPA levels below the positivity threshold are not
clear, and the small magnitude of median increase (+8.8 AU/mL) limits the
extent to which this increase may be further interpreted.
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2.3.3.6. Systemic antibodies according to P. gingivalis colonisation
To further explore the relationship between P. gingivalis and systemic antibody
titres, a subgroup analysis was performed to assess longitudinal alterations in
ACPAs and anti-P. gingivalis IgG in patients positive (n=13) and negative (n=29)
for P. gingivalis in subgingival plaque samples (figure 2.13). Despite observing a
slight elevation in ACPAs for patients positive for P. gingivalis, there was no
significant difference in ACPA titre in either group following treatment (figure
2.13A,B). Surprisingly, significant reductions in anti-P. gingivalis IgG were
observed regardless of plaque colonisation (figure 2.13C, D). Together these
results demonstrate that P. gingivalis detection in subgingival plaque samples
did not impact longitudinal alterations in ACPAs and was not a prerequisite for a
reduction in anti-P. gingivalis IgG titre following NSPT.
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Figure 2.13. P. gingivalis plaque status at baseline with ACPAs and anti-P. gingivalis IgG
antibodies. ACPAs (A, B) and anti-P. gingivalis IgG (C,D) at baseline (BL) and day 90
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2.3.3.7. Longitudinal alterations in systemic inflammatory proteins
Having evaluated systemic antibody titres, inflammatory proteins were
quantified in serum to establish their association with serum ACPAs and changes
following treatment. Three systemic inflammatory proteins (CRP, IL-6 and TNFα)
were selected based on previous studies finding reductions following NSPT and
associations with RA (D'aiuto et al., 2004b, Dag et al., 2009, Anderson et al.,
2012). Longitudinal analysis was performed using Wilcoxon signed-rank tests,
with the hypothesis that reductions in periodontal inflammation may reduce
levels of systemic inflammation.
At baseline, median levels were CRP: 1.33 mg/L; IL-6: 2.64 pg/mL; and TNFα
0.03 pg/mL. Negligible associations were observed between ACPAs and systemic
inflammatory markers using Spearman-Rho correlation coefficients (R = 0.23
[CRP], R=0.24 [IL-6], R=0.27 [TNFα], all p>0.05, figure 2.14D-F). Additionally,
despite weak associations between CRP and IL-6 with PISA at baseline, there
were no significant alterations for any marker following treatment; CRP (p=0.49,
figure 2.14A), IL-6 (p=0.98, figure 2.14B) or TNFα (p=0.054, figure 2.14C).
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2.3.4. Impact of local inflammation on the systemic response
2.3.4.1. Grouping patients according to baseline PISA
Given the large spread in baseline PISA (45.60 mm2 to 3655.90 mm2), it was
hypothesised that the lack of alterations in systemic analytes may be partially
skewed by patients with low baseline values. Previous work by Leira et al.,
(2018) compared PISA values across healthy patients and patients suffering from
mild, moderate and severe PD. From this study, ranges of PISA values were
identified that were representative of previously established disease severity
categories. A range of 934.71 to 3274.96 mm2 was identified for severe PD;
521.58 to 790.30 mm2 for moderate PD; 110.16 to 447.01 mm2 for mild PD and
10.22 to 62.78 mm2 for healthy participants.
Overlaying these values on top of baseline PISA values in the current cohort, it
was found that one patient exceeded the range of severe PD, with a PISA value
of 3655.90 mm2 (figure 2.15A). Twenty-seven patients fell within the threshold
of severe PD, whilst 3 fell between moderate and severe disease. Five patients
fell within the criteria of moderate PD, and one fell between moderate and mild
disease. Four patients fell within the criteria of mild disease and surprisingly,
one patient recorded a baseline level commensurate with health (45.6 mm2).
Using these PISA categories, 28 patients were classified as having severe disease
at baseline, whilst 14 were classified as mild-moderate. As expected, patients
presenting with severe disease at baseline demonstrated a significantly greater
reduction in periodontal inflammation following treatment when compared with
patients suffering from mild-moderate forms of disease (median reduction:
1255.50 mm2 vs. 445.35 mm2, p<0.001, Mann-Whitney U test, figure 2.15B).
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2.3.4.2. Systemic antibodies according to baseline disease severity
Systemic antibody titres were compared between ‘mild-moderate’ and ‘severe’
groups at baseline and day 90, and longitudinally within each group following
treatment (figure 2.16). Reductions in anti-P. gingivalis IgG were observed
following treatment in both the mild-moderate (p=0.006) and severe groups
(p<0.001, figure 2.16F). In contrast, no significant difference in anti-P.
gingivalis IgG was observed between groups at baseline or day 90. No
longitudinal alterations were observed within groups for ACPAs, total serum IgG,
anti-P. intermedia IgG, anti-A. actinomycetemcomitans IgG, anti-F. nucleatum
IgG, suggesting that a larger reduction in periodontal inflammation did not
impact changes in these antibody titres. A trend was observed whereby the
severe PISA group showed lower anti-A. actinomycetemcomitans IgG, albeit this
did not reach statistical significance at either timepoint.
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Figure 2.16. Systemic antibodies at baseline (BL, grey circles) and day 90 (D90, white
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2.3.4.3. Systemic inflammation according to baseline disease severity
Similar to antibacterial antibody titres, systemic inflammatory proteins were
compared between mild-moderate and severe PISA groups. Having confirmed
that patients who started with severe disease showed significantly larger
reductions in periodontal inflammation following treatment, it was hypothesised
that this may equate to a consistent reduction in systemic inflammation.
Patients with severe disease had significantly higher levels of serum CRP at
baseline (medians: 1.52mg/L vs. 2.22 mg/L, p=0.008, Mann-Whitney U test,
figure 2.17A). Surprisingly, despite a greater reduction in PISA, no significant
changes were observed following treatment in the mild-moderate or severe
disease groups for CRP, IL-6 or TNFα (figure 2.17A-C). Thus, in the current
cohort, a larger reduction in periodontal inflammation did not equate to a
consistent reduction in systemic inflammatory markers.
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Figure 2.17. Systemic inflammatory markers at baseline (BL) and day 90 (D90)
according to PISA groups. (A) CRP, (B) IL-6 and (C) TNFα were investigated. Statistical
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2.3.5. Impact of smoking on the clinical and systemic responses
2.3.5.1. PISA according to smoking status
Lastly, it was hypothesised that smoking status may influence the systemic
alterations in antibodies and inflammatory proteins, as has been observed
previously (Lappin et al., 2013). Within the current study, patients were grouped
according to smoking status, including never (n=15), former (n=17) and current
smokers (n=10). To establish whether smoking impacted the clinical response to
NSPT, PISA values were compared cross-sectionally between smoking categories
at each timepoint, and longitudinally within each group (figure 2.18). No
differences in PISA were observed at baseline (Kruskall-Wallis p=0.48) or day 90
(Kruskall-Wallis p=0.78). Significant reductions were observed within all groups
following treatment suggesting that, within the limitations of small sample sizes,
smoking did not appear to influence the clinical response to NSPT in the current
cohort.
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Figure 2.18. PISA values at baseline (BL) and day 90 (D90) according to smoking status.
Patients were split into never (n=15), former (n=17) and current smokers (n=10). Crosssectional analysis was performed using Kruskall-Wallis test at each timepoint with
Dunn’s post-hoc, longitudinal analysis was performed using Wilcoxon signed-rank tests
(**p<0.01, ***p<0.001). Individual data points are shown with bars representing median
±95% CI.
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2.3.5.2. Systemic antibodies according to smoking status
Systemic antibody titres were evaluated according to smoking status. In a
previous study, smoking was shown to influence both anti-P. gingivalis IgG and
ACPAs, with the latter showing reductions after treatment only in patients who
had never smoked (Lappin et al., 2013). In this cohort, no significant differences
were observed in ACPAs with respect to smoking status at baseline or day 90.
However, in contrast to previous work showing a reduction in ACPAs in never
smokers following treatment, this current study actually found an increase at
day 90 (p=0.003, Wilcoxon singed rank test, n=15, figure 2.19A). Total serum
IgG was significantly higher in former smokers compared with current smokers at
baseline (p=0.012, Kruskall-Wallis test), and significantly higher in former
smokers compared with never smokers at day 90 (p=0.017, Kruskall-Wallis test).
However, no longitudinal alterations were observed for any group (figure
2.19B).
Current smokers also appeared to display lower anti-P. intermedia IgG when
compared to former smokers at day 90 (Kruskall-Wallis p=0.012, figure 2.19E).
Despite previous studies observing significantly lower anti-P. gingivalis IgG in
current smokers compared with never smokers (Lappin et al., 2013), this finding
was not replicated in the current cohort (figure 2.19F). Anti-P. gingivalis IgG
significantly reduced following treatment in both never (p=0.0006) and current
smokers (p=0.003), but not former smokers (p=0.12, Wilcoxon signed-rank test,
figure 2.19F).
It should be reiterated that these data are based on an exploratory subgroup
analysis, and the current study was not powered nor designed to detect a
significant finding in these comparisons. Nonetheless, these findings do suggest
that further work is required to identify any causal impact between smoking,
ACPAs and antibacterial antibodies in PD patients. Furthermore, this study found
no evidence that NSPT can reduce serum ACPA titres irrespective of periodontal
disease severity or smoking status, although the majority of this cohort were
diagnostically ‘ACPA-negative’ at baseline.
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Figure 2.19. Serum IgG antibodies according to patients smoking status. Never smokers
(n=15), former smokers (n=17) and current smokers (n=10†). Graphs represent ACPAs
(A), total serum IgG (B), anti-F. nulceatum (C), A. a (D), P. intermedia (E) and P.
gingivalis (F). Bars display medians (± 95% CI) with individual value shown. Statistics are
Wilcoxon signed-rank test (within group comparison) or Kruskall-Wallis test with Dunn’s
post-hoc (between group comparison). *p<0.05, **p<0.01, ***p<0.001. † One patient
(current smoker) had limited sample volume and was not included in analysis of anti–F.
nulceatum, P. intermedia or A. a (n=9). A. a: Aggregatibacter actinomycetemcomitans.
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2.3.5.3. Systemic inflammation according to smoking status
Systemic inflammatory proteins were compared among smoking categories. No
significant differences were observed between groups at baseline or day 90 for
CRP, IL-6 or TNFα (table 2.4). Assessing each marker longitudinally within
groups, the only difference was found for TNFα in former smokers, in which a
quantitively small (0.02 pg/mL) increase was observed at day 90. Serum CRP
showed a reducing trend following treatment in never-smokers albeit this did
not reach statistical significance (p=0.06).

Table 2.4. Systemic inflammatory proteins according to smoking status. Data displayed
as median (Q1, Q3).
Analyte

CRP
(mg/L)

IL-6
(pg/mL)

TNFα
(pg/mL)

Never
(n=15)

Former
(n=17)

Current
(n=10)

Between
group
p-value†

Baseline

1.44
(0.78, 4.64)

1.34
(0.63, 2.60)

1.18
(0.73, 1.89)

0.59

Day 90

1.13
(0.32, 2.47)

1.57
(0.59, 2.72)

1.00
(0.72, 3.14)

0.63

Withingroup pvalue‡

0.06

0.23

0.99

-

Baseline

2.42
(1.96, 4.33)

2.89
(1.91, 5.30)

2.61
(1.34, 6.26)

0.87

Day 90

2.86
(1.71, 7.98)

2.66
(1.78, 5.22)

3.61
(2.06, 5.50)

0.87

Withingroup pvalue‡

0.99

0.75

0.63

-

Baseline

0.02
(0.01, 0.11)

0.03
(0.01, 0.07)

0.04
(0.01, 0.07)

0.99

Day 90

0.03
(0.01, 0.27)

0.05
(0.02, 0.18)

0.04
(0.01, 0.06)

0.46

0.30

0.009

0.65

-

Timepoint

Withingroup pvalue‡

†Kruskall-Wallis test, ‡Wilcoxon signed-rank test. Exact p-values displayed.

89

2.4. Discussion
This chapter explored the association between systemic ACPAs, antibacterial
antibodies directed against periodontal bacteria and inflammatory proteins in a
cohort of PD patients. Patients with PD only (rather than PD and RA) were
evaluated to avoid the confounding factors associated with RA and RA-related
treatments such as biologic disease-modifying anti-rheumatic drugs (bDMARDs).
Across the entire patient cohort, no strong association was observed between
serum ACPA titres and other serum antibodies or inflammatory mediators, or
periodontal clinical parameters. Notably, this included antibodies directed
against P. gingivalis and A. actinomycetemcomitans despite mechanisms linking
both of these oral bacteria to ACPA generation. Additionally, whilst NSPT
induced widespread reductions in overall disease severity and anti-P. gingivalis
IgG, there was no significant alteration in serum ACPAs or systemic inflammatory
proteins across all patients.
A link between serum ACPAs and PD severity has been shown in studies involving
RA patients (Gonzalez-Febles et al., 2020) or first-degree relatives of RA
patients (Loutan et al., 2019). Both previous studies included a far higher
proportion of ACPA-positive individuals equating to 66% (Gonzalez-Febles et al.,
2020) and 34% (Loutan et al., 2019) of the respective cohorts. Within the current
study, three (7%) ACPA-positive individuals were found and only a weak
association between ACPAs and FMPS was recorded. Notably, no association was
observed with the PISA, which was independently validated as an indicator of
disease severity. The lack of a monotonic relationship between ACPAs and PISA
may be partially explained by the majority of ACPA titres being constrained
within a relatively small and diagnostically negative range (5-25 AU/mL).
Importantly, the meaning of ACPA titres which fall below the positivity threshold
(<25 AU/mL), relating to the majority of the samples in the current study, is
currently unclear. The data from this chapter are, however, supported by a
recent study involving a clinically diverse cohort of patients suffering from RA
and PD, RA only, PD only and healthy controls (Lew et al., 2021). Despite a far
larger spread in serum ACPA titres, no correlation was found with periodontal
disease severity (PISA) in any of the clinical groups within this study.

90

In line with these findings, there was also no significant alterations in serum
ACPA titres following NSPT when assessing the entire cohort. Despite widespread
clinical improvement, ACPA titres remained relatively consistent with three
ACPA-negative samples at baseline increasing above the assay positivity
threshold throughout the study. Two previous studies have evaluated
longitudinal shifts in serum ACPAs following NSPT, finding significant reductions
only when stratifying cohorts into non-smokers at 6 month follow-up (Lappin et
al., 2013) or patients suffering from generalised PD at 8 weeks follow-up (Yang
et al., 2018). Neither of these findings were maintained within the current study
at 3 months (90 days), with ACPA titres actually increasing in non-smokers upon
stratification. Two major limitations of the current study and those preceding
are the small sample sizes and low baseline ACPA levels. Within the current
study 42 patients were included, which is slightly higher than Lappin et al.
(n=39) and Yang et al. (n=31). Small sample sizes from each study, combined
with the exploratory nature of these analyses undoubtably limit the extent to
which these results can be extrapolated to a population scale. However, data
presented in this chapter suggest that whilst a minority of PD patients appear to
be ACPA positive, these trends are not fully consistent across different studies
and independent cohorts. To this extent, future work in an ACPA-positive PD
cohort would be useful to delineate whether periodontal therapy in isolation is
sufficient to reduce serum ACPA titres.
Antibacterial antibodies were evaluated in this study to test whether an
elevated systemic immune response against certain periodontal bacteria, such as
P. gingivalis or A. actinomycetemcomitans, may be associated with elevated
serum ACPA titres. This hypothesis was not confirmed as no antibacterial
antibody titre was positively or negatively associated with ACPAs. There are
several possible explanations for these findings. The first is the lack ACPA
specificities (CEP, citFib, non-cirtullinated native protein) in this study. Inclusion
of these titres in future work would help establish whether ACPA titres are
specific for bacterial citrullinated epitopes or cross react with human
citrullinated epitopes. The next limitation is the employment of whole-cell
antibacterial ELISAs. Reactive antibodies in this assay do provide a useful
indication that these bacteria were once present and an initiated an immune
response (Haffajee and Socransky, 1994), and anti-P. gingivalis antibodies have
been shown to increase prior to the onset of RA symptoms (Johansson et al.,
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2016). However, for P. gingivalis and A. actinomycetemcomitans, simply
identifying exposure to these bacteria may be insufficient given strain variation
in virulence factor expression. Indeed, this is known for A.
actinomycetemcomitans where LtxA expression has been shown to massively
vary among different isolates (Claesson et al., 2020). Although the strain used in
this study is an LtxA producing isolate (Y4, serotype b), assessing antibodies
directed specifically against this toxin, or against PPAD in the case of P.
gingivalis, may be of greater relevance in ensuing studies.
Following treatment, anti-P. gingivalis IgG titres were reduced, and the slight
but consistent reduction is in line with several previous studies (Wang et al.,
2006, Lappin et al., 2013, Morozumi et al., 2018). For example, Morozumi et al.
reported a statistically significant 14.2% reduction in anti-P. gingivalis titres
which is of comparable magnitude to the present study (11.5%), and no
alterations in anti-P. intermedia IgG at 6 weeks follow up. This result was
maintained within the current study, as there were no alterations in antibodies
directed against other periodontal bacteria (F. nucleatum, A.
actinomycetemcomitans, P. intermedia). Whilst the majority of studies agree
with a reduction in anti-P. gingivalis IgG following treatment, the literature on
other bacteria is less consistent. For example, some studies show a reduction in
anti-A. actinomycetemcomitans IgG following NSPT (Rebeis et al., 2019) whilst
others find no change (Horibe et al., 1995). One reason for these findings may
be that antibodies are cross-reactive against other bacterial epitopes, possibly
within the same genera or family. Only four patients within the current study
had detectable A. actinomycetemcomitans in sampled periodontal pockets, yet
all patients had detectable levels of anti-A. actinomycetemcomitans IgG. Moving
forward, the incorporation and correlation between antibodies directed against
different species, and even specific bacterial proteins, within the same genera
would be useful to establish the accuracy and specificity of these titres.
With respect to systemic inflammatory proteins, some studies have recorded
significant reductions in serum CRP, IL-6 and TNFα following NSPT (Dag et al.,
2009, D'aiuto et al., 2004b). At baseline, a weak association was observed
between serum CRP and PISA; however it should be noted that potential
confounders such as body mass index were not available from the current study
and may influence these results. Nonetheless, this relationship was not
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confirmed longitudinally regardless of the reduction in periodontal
inflammation. The inconsistency in results may relate to the baseline levels of
systemic inflammatory proteins, which were higher in previous studies. In
general, the baseline level was low within the current cohort (79% of CRP values
<3 mg/L, 76% of IL-6 values <5 pg/mL, all TNFα values <5 pg/mL), and thus it
could be considered unlikely that a consistent reduction would be observed. This
is supported by a rigorous systematic review which concluded that reductions in
systemic inflammation following periodontal treatment are most readily
observed in patients with systemic co-morbidities (Teeuw et al., 2014).
Shifting the focus to subgingival plaque, this study did suggest that patients
harbouring P. gingivalis display highly elevated anti-P. gingivalis and slightly
elevated (below the positively threshold) ACPA titres. The former has been
previously observed in several studies evaluating P. gingivalis carriage and
antibacterial antibodies (Seror et al., 2015, Fisher et al., 2015), with one study
showing that current carriage of this bacteria is a stronger predictor of antibody
titres than PD diagnosis (Pussinen et al., 2011). The slight elevation in ACPA
titres is supported by previous studies reporting similar comparisons (Lappin et
al., 2013), whilst others demonstrate a higher abundance of P. gingivalis in ACPA
positive individuals (Cheng et al., 2021, Mankia et al., 2019). Furthermore, a
large study of 600 participants found that the level of salivary P. gingivalis DNA
positively associates with serum ACPAs in patients with baseline CRP levels >3
mg/L (Oluwagbemigun et al., 2019). Nonetheless, it is important to critically
evaluate the magnitude of difference in the current study (+8.8 AU/mL). This
small increase resulted in ACPA titres which remained below the positivity
threshold in all but one patient. Likewise, two out of three ACPA-positive
patients were P. gingivalis negative, and these observations must be carefully
considered when interpreting this result.
Within this study, colonisation was based on one single periodontal pocket, and
it is possible that negative patients may be colonised at alternative sites. In
support of this theory, antibodies directed against P. gingivalis reduced
following treatment regardless of colonisation status, suggesting likely
alternative site colonisation or cross-reaction with other bacterial epitopes. To
rule this out, future studies would benefit from screening several sites such as
several periodontal pockets, tongue scrapings and saliva for P. gingivalis
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carriage. Additionally, it would be useful to evaluate whether these results are
maintained in periodontally healthy subjects to establish whether P. gingivalis
carriage in isolation can elevate serum ACPAs irrespective of periodontal status.
In summary, this study cohesively analysed associations between serum ACPAs,
antibacterial antibodies, inflammatory proteins and periodontal clinical
parameters – longitudinally following treatment - in a PD cohort. This study did
not find any association between ACPAs and antibacterial antibody titres or
systemic inflammatory proteins. Similarly, despite a 12-fold reduction in PISA,
only 47% of patients achieved a level of periodontal inflammation commensurate
with periodontal health (Leira et al., 2018). Low levels of residual periodontal
inflammation may contribute to the lack of longitudinal alterations in serum
ACPAs or systemic inflammatory proteins following treatment. There was
evidence that P. gingivalis carriage may be associated with a slight elevation in
serum ACPAs, but these titres generally remained low and P. gingivalis
colonisation was not a prerequisite for ACPA positivity. Although a reduction in
anti-P. gingivalis IgG was recorded following treatment, similar findings were
not observed for other antibacterial antibody titres. It would be of benefit to
repeat this study in a cohort of non-RA ACPA positive PD patients to further
explore ACPA positivity in PD.
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2.5. Chapter summary
This chapter provides a cohesive analysis of serum ACPAs, antibacterial
antibodies and systemic inflammatory proteins in a clinically diverse PD cohort,
before and after periodontal treatment. The main findings from this chapter are
highlighted below;
•

The PISA is a useful indicator of periodontal disease severity.

•

There was insufficient evidence from the current study to suggest an
association between serum ACPA titres and antibodies directed against
periodontal bacteria (P. gingivalis and A. actinomycetemcomitans), or RA
related inflammatory proteins in a predominantly ACPA-negative cohort.

•

No longitudinal shifts in ACPA titres or systemic inflammatory proteins were
observed following NSPT across the current cohort.

•

ACPA titres increased following NSPT only in never-smokers, which contrasts
with previous literature.

•

Anti-P. gingivalis IgG reduced following treatment commensurate with
previous studies, however, the current exploratory study did not observe an
association with periodontal disease severity.

•

A weak association between PISA and serum CRP was observed, which may
warrant further investigation in a larger cohort.
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Chapter 3
Longitudinal changes in local host and
microbial parameters following nonsurgical periodontal therapy
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3.1. Introduction
In PD there is a continuous cycle of host-bacterial interplay whereby
inflammation facilitates greater dysbiosis of the microbiome, and vice-versa
(Rosier et al., 2018, Van Dyke et al., 2020). As such, local host and microbial
factors have been extensively studied in periodontology to uncover their
relationship with disease, particularly within cross-sectional study designs. To
date, far less attention has been paid to analysing whether these variables are
altered in response to improvements in clinical status.
As mentioned throughout chapter 1, the term ‘dysbiotic’ is frequently used to
describe subgingival plaque biofilms in PD. These communities have been found
to be more diverse and display an increased abundance of facultative anaerobic
species compared with subgingival plaque from periodontally healthy subjects
(Griffen et al., 2012, Abusleme et al., 2013). Chronic inflammation in response
to these biofilms is a consistent feature of PD, and several microbial and
inflammatory mediators have been termed ‘biomarkers’ of disease. The
evidence for these markers is based largely on cross-sectional studies comparing
PD with periodontal health. However, whether these markers reflect disease
severity and respond to improvements in clinical status is largely unknown, both
of which represent key features of a robust disease biomarker.
Saliva and GCF are frequently used to evaluate inflammation in the oral cavity
and results generally support an increase of pro-inflammatory cytokines in PD
(Ebersole et al., 2015, Miller et al., 2006, Stadler et al., 2016). However, when
evaluating trends within individual analytes the results become less consistent.
For example, Ebersole et al. found that salivary interleukin-1β and interleukin-6
were significantly elevated in 101 PD patients compared with 65 healthy controls
(Ebersole et al., 2015). In contrast, Teles et al. found no significant differences
when the same cytokines in the saliva of 74 PD patients and 44 healthy controls
(Teles et al., 2009). Therefore, characterising longitudinal alterations in these
cytokines following improvement in clinical status may provide an alternative
insight into their association with PD.
Recently there has also been interest in whether baseline host or microbial
variables may be used to identify patients at risk of a poorer treatment
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response. Although NSPT induces a reduction in overall disease severity (Suvan
et al., 2019), it is often only partially successful when assessed against firm
clinical success endpoints. A recent study reported a success rate of roughly one
third when using pocket closure as an endpoint in a retrospective analysis of
1182 patients (Van Der Weijden et al., 2019). Identifying poorer responding
patients or sites at an early stage in the treatment plan could permit more
efficient use of additional treatment and/or the addition of adjuncts (Shaddox
and Walker, 2010). Both host and microbial variables offer promising avenues in
this regard, representing aspects of the microbiota challenge and corresponding
host inflammatory response. Indeed, there is evidence that each may have bona
fide prognostic utility (Lee et al., 2018, Bizzarro et al., 2016); however, there is
a need to delineate the site-specific versus whole mouth response and evaluate
these variables against clinically translatable endpoint criteria.
This study sought to evaluate how the subgingival plaque microbiota and local
inflammatory cytokines associate with periodontal disease severity, and whether
these variables are altered following NSPT. Additionally, the association of these
variables with a poor treatment response was assessed at baseline. Specifically,
this chapter sought to answer the following research questions;
•

Are concentrations of inflammatory cytokines in saliva and GCF related to
periodontal disease severity?

•

Do the concentrations of inflammatory cytokines in saliva and GCF change
following NSPT?

•

Is the composition of the subgingival plaque microbiota related to
periodontal disease severity?

•

Is there a compositional shift in the subgingival plaque microbiota following
NSPT?

•

Is there an association between baseline host and microbial variables and
treatment response of patients or sites following NSPT?
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3.2. Materials and methods
3.2.1. Patient selection
This chapter presents local inflammatory (saliva, GCF) and microbial (subgingival
plaque) alterations in the same cohort described in chapter 2. Baseline
demographics, whole mouth clinical parameters and study design are described
within chapter 2.

3.2.2. Sample collection and processing
3.2.2.1. Clarified saliva
Whole-saliva was collected using the passive drool method into 50 mL Falcon
tubes (Grenier Bio-One, Gloucestershire, UK). Using a sterile Pasteur pipette, 1
mL aliquots were made into Eppendorf tubes. Samples were then clarified via
centrifugation at 13,000 RPM for 5 minutes (Eppendorf model 5415C, Hamburg,
Germany). The supernatant was aliquoted into sterile Eppendorf tubes and
immediately stored at -80°C until analysis.

3.2.2.2. Gingival crevicular fluid
GCF was collected from a single site (preferentially ≥5 mm) in each quadrant at
baseline and day 90. Sites were dried and isolated using cotton rolls to avoid
saliva contamination. PerioPaper® strips were placed into each pocket for 30
seconds (timed). Following collection, strips were placed into a sterile
Eppendorf and stored immediately at -80°C until analysis.

3.2.2.3. Subgingival plaque
Subgingival plaque samples were collected from each quadrant at baseline and
day 90. For sampling, supragingival plaque was removed and subgingival plaque
was carefully harvested using a Gracey curette. Samples were placed into four
Eppendorfs containing 250 µL of sterile pre-filtered (0.1 µM) phosphate buffered
saline (PBS; pH 7.4, Gibco, Thermofisher, Loughborough, UK). Tubes were
centrifuged at 13,500 RPM for 10 minutes (Eppendorf model 5415C, Hamburg,
Germany) to isolate the bacterial pellet and the supernatant was discarded.
Samples were stored immediately at -80°C until analysis.
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3.2.3. Analysis of saliva
One patient had limited saliva volume and was not included in any salivary
analysis (n=41 for all cytokines). Levels of salivary TNFα, IL-6, and IL-1β were
determined using commercially available sandwich ELISA assays (Thermofisher,
Loughborough, UK). For IL-6, samples were initially evaluated using a normal
sensitivity assay; however, roughly 50% were undetectable. Therefore, these
samples were repeated on high-sensitivity kits. Salivary IL-8 was quantified using
commercially available DuoSet sandwich ELISAs (Biotechne – R&D systems,
Abingdon, UK). Salivary IL-17A was quantified using high-sensitivity ProQuantum
immunoassays, as described previously in section 2.2.5.5. A summary of the kits
used to quantify salivary cytokines is shown in table 1.1.

3.2.3.1. ELISA buffers and reagents
For all ELISA assays, a stock 10X PBS solution was prepared each week by
dissolving 80 g sodium chloride (NaCl), 14.4 g sodium phosphate dibasic
dihydrate (Na2HPO4 2H2O), 2.4 g potassium dihydrogen phosphate (KH2PO4) and 2
g potassium chloride (KCl) into 1 litre of sterile distilled water. The solution was
mixed thoroughly until all chemicals had dissolved and stored at room
temperature. Wash buffer was prepared by adding 200 mL 10xPBS to 1800 mL
sterile distilled water to create a 1xPBS solution. Once mixed, 1 mL of Tween20
(Sigma Aldrich, Gillingham, UK) was added to create 0.05% PBST.
For all sandwich ELISA assays, 1xPBS solution was used as a coating buffer, and
capture antibodies supplied with the kit were diluted 1:250. For kits supplied by
Thermofisher (TNFα, IL-6, IL-1β) 1xELISPOT diluent in distilled water was used as
a blocking buffer. This solution was supplied by the manufacturer and contains
FBS for blocking wells. For kits supplied by Bioteche (IL-8), 1% BSA in PBS was
used as a blocking buffer.
Reagent diluents differed according to manufacturer. This was either 1xELISPOT
diluent in distilled water (Thermofisher) or 0.1% BSA in PBS (Biotechne). Biotinconjugated detection antibodies supplied with each kit were diluted 1:250 using
the appropriate reagent dilution. To bind biotin, avidin-HRP (Thermofisher) or
strepavidin-HRP (Biotechne) were used. For all assays, TMB was used as a
substrate solution provided with the kit. For IL-8, TMB was mixed 1:1 with
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‘colour reagent A’ (containing H2O2) immediately prior to use. Stop solutions
consisted of 1M phosphoric acid (H3PO4, Thermofisher) and 2N sulphuric acid
(H2SO4, Biotechne). ELISA plates were washed by filling each well entirely with
wash buffer, which was allowed to soak for 1 minute before being decanted.
This process was repeated 3-5 times at every wash step. After the final wash,
plates were gently blotted onto paper towels to remove excess liquid.

3.2.3.2. Sandwich ELISA methods
Patient samples, standards and negative controls were assayed in duplicate
according to the manufacturer’s instructions. In brief, 100 µL of capture
antibody was added to 96-well high-binding flat-bottom microtiter plates and
incubated overnight at 4°C (Corning™ Costar, Thermofisher, Loughborough, UK).
The following day, wells were washed and 200 µL of blocking buffer was added.
Plates were incubated for 1 hour at room temperature before further washing.
Samples were added at appropriate dilutions alongside standard curves and
negative controls, and plates were incubated for 2 hours at room temperature.
Following incubation, plates were washed and 100 µL of biotin-conjugated
detection antibodies were added for 1 hour. Plates were washed and 100 µL
avidin-HRP (TNFα, IL-6, IL-1β) or streptavidin-HRP (IL-8) was added to each well
for 30 minutes. Plates were washed and 100 µL TMB substrate was added to each
well. Following colour development, the reaction was stopped using 100 µL of
phosphoric acid (TNFα, IL-6, IL-1β) or 50 µL of sulphuric acid (IL-8). Plates were
immediately read at 450nm with correction at 620nm. Signal from negative
controls was subtracted from sample and standard wells, and the concentration
of samples was determined by interpolation from a standard 5-parameter fit
curve of standards using PRISM (version 8.0).

3.2.3.3. Limit of detection
The LOD was assigned as the concentration given by the mean absorbance of
negative controls plus the standard deviation multiplied by 2. The in-house
calculated LOD for cytokines was IL-6: 0.04 pg/mL, IL-1β: 1.35 pg/mL, IL-8: 6.78
pg/mL, TNFα: 0.14 pg/mL and IL17-A: 2.75 pg/mL. Detectable levels of salivary
IL-6, IL-1β and IL-8 were observed in all samples. TNFα was <LOD in 3 samples
(1x baseline, 2x day 90) and IL-17A was <LOD in 12 samples (10x baseline, 2x day
90). For statistical analysis, samples <LOD were assigned as LOD/2.
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3.2.4. Gingival crevicular fluid (GCF)
3.2.4.1. Elution of GCF strips
Collected GCF strips were pooled together in a single sterile Eppendorf and
eluted using a method adapted from previously published work (Wassall and
Preshaw, 2016, Fitzsimmons et al., 2010). This consisted of eluting strips in 150
µL 0.1% BSA in PBS. Tubes were placed on a rocking shaker (100 RPM) at 4°C for
20 minutes (3D rocking platform STR9, Stuart Scientific, Staffordshire, UK). After
rocking, tubes were centrifuged at 10,000 RPM for 2 minutes (Eppendorf model
5415C, Hamburg, Germany). The resulting liquid was aliquoted into new sterile
Eppendorf’s and stored at -80°C until use.

3.2.4.2. GCF cytokine analysis
GCF IL-17A was measured using high-sensitivity ProQuantum immunoassays
described previously in section 2.2.5.5. These assays were performed on a new
StepOnePlus real-time PCR system (Applied Biosystems). The assay LOD was
redetermined and found to be 0.48 pg/mL. Standard curve values were similar
regardless of analyser, but blank values were notably lower (Ct mean of blanks;
29.52 vs. 27.10). GCF IL-6, IL-1β and IL-8 were determined using the same
commercially available ELISA assays described in section 3.2.2. TNFα was
undetectable in all samples (n=84) and was thus excluded from analysis. IL-6 was
<LOD in 2 samples (1x baseline, 1x day 90), IL-8 was <LOD in 1 sample (day 90),
IL-17A was <LOD in 14 samples (13x baseline, 1x day 90) whilst IL-1β was >LOD in
all samples. Samples <LOD were assigned LOD/2 for statistical analysis.
According to the clinical protocol, blood contaminated GCF strips were
discarded during sampling. During sample processing GCF strips were visually
inspected for blood contamination. Contaminated strips were discarded prior to
pooling to avoid interference with cytokine measurements. Therefore, a small
subset of patients had three strips available for analysis at a specific timepoint.
The elution volume (150 µL) was kept consistent regardless of the number of
eluted strips. To account for this difference and potential dilution of these
samples, GCF analysis was performed two-fold and both are semi-quantitative
measurements. Firstly, analysis was performed only across patients with four
eluted strips at each timepoint (n=33). This analysis is termed ‘total’ and given
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as the total measured cytokine concentration per 30 seconds (pg/30s). Secondly,
analysis was performed across the entire cohort using values standardised to the
number of eluted strips (n=42). This analysis is termed ‘standardised’ and values
are given as arbitrary units (AU/30s), determined using the equation below;
!"#$%#&%'()% +,"-.'$) +-$+)$"&#"'-$ (01/30() =

7-"#8 9)#(:&)% +,"-.'$)
;:9<)& -= )8:")% ("&'>(

A summary of all assays used to measure salivary and GCF cytokines is provided
below (table 3.1.), alongside the corresponding dilution factor and in-house
calculated LOD.
Table 3.1. Summary of assays used for saliva and GCF analysis.
Analyte

Supplier
(catalogue #)

Assay type

Standard
curve
(pg/mL)

Dilution

LOD
(pg/mL)

TNFα

Thermofisher
(BMS223HS)

Sandwich
ELISA

0.31 - 20

1in2

0.14

IL-6

Thermofisher
(88-7066-22)

Sandwich
ELISA

3.125 - 200

Neat

5.93

IL-6†

Thermofisher
(BMS213HS)

Sandwich
ELISA

0.078 - 5

1in2

0.04

IL-1β

Thermofisher
(88-7261-88)

Sandwich
ELISA

1.17 - 150

1in2

1.35

IL-17A

Thermofisher
(A35611)

ProQuantum
immunoassay

0.32 - 25,000

1in5

2.75

IL-8

R&D systems
(DY208-05)

Sandwich
ELISA

15.625 - 2000

1in3

6.78

†

Samples that were undetectable on normal sensitivity IL-6 assay were repeated using a highsensitivity kit.

3.2.5. Analysis of subgingival plaque
3.2.5.1. Sample selection
Subgingival plaque from a single quadrant was selected from each patient for
sequencing. Samples were preferentially selected from the upper right quadrant
(n=35), unless unable to sample the same site at day 90. In which case a sample
from the remaining three quadrants was selected; upper left (n=1), lower left
(n=3), lower right (n=3).
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3.2.5.2. DNA extraction
DNA extraction and sequencing were performed at the Foundation for the
Promotion of Health and Biomedical Research (FISABIO) in Valencia, Spain. The
full methodology for these processes has been described previously (Dzidic et
al., 2018, Carda-Diéguez et al., 2019, Rosier et al., 2020). In brief, subgingival
plaque pellets were initially resuspended in 100 µL PBS and sonicated for 30
seconds in a sonicator bath at low ultrasound intensity (model VCI-50, Raypa,
Barcelona, Spain). Following sonication, DNA extraction was performed
automatically by the MagNA Pure LC 2.0 instrument using the MagNA Pure LC
DNA isolation kit III for bacteria and fungi (Roche Diagnostics, Mannheim,
Germany) with an additional in-house lysis step; subgingival plaque samples
were resuspended in 100 µL PBS, 130 µL lysis buffer and 2.5 µL enzyme mix. The
enzyme mix consisted of 20 mg/mL lysozyme (Thermomixer comfort, Eppendorf,
Hamburg, Germany), 5 mg/L lysostaphin (Sigma-Aldrich, Madrid, Spain) and
0.625 mg/mL mutanolysin (Sigma-Aldrich, Madrid, Spain). Following extraction,
DNA was resuspended in 100 µL of elution buffer and frozen at -20°C until
further analysis.

3.2.5.3. DNA sequencing
An Illumina amplicon library was prepared following the 16S rRNA gene
Metagenomic Sequencing library preparation protocol (Part #15044223 Rev. A).
Gene-specific primers used in this protocol target the V3-V4 regions of the 16S
rRNA gene (table 3.2), resulting in a single amplicon of 460 basepairs. Dual
indices and sequencing adapters were added using the Nextera XT kit (Illumina,
San Diego, California, USA). Amplicons were confirmed using 1.4% agarose gel
alongside no template controls, purified using AMPure XP beads and quantified
using the Quant-iT PicoGreen dsDNA assay kit with a QubitTM 3 Fluorometer
(Thermofisher, Waltham, Massachusetts, USA). Amplicons were pooled in
equimolar ratios and sequenced on an Illumina MiSeq using the 2x300 base
paired-ends protocol according to manufacturer’s instructions. Reads from this
study are deposited in the publicly available NCBI Sequencing Read Archive (SRA)
under BioProject PRJNA725103.
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Table 3.2. Primer sequences used for subgingival plaque sequencing.
Name

Primer sequence

Illumina_16S_341F

TCGTCGGCAGCGTCAGATGTGTATAAGA
GACAGCCTACGGGNGGCWGCAG

Reference

(Illumina, 2013)
Illumina_16S_805R

GTCTCGTGGGCTCGGAGATGTGTATAAG
AGACAGGACTACHVGGGTATCTAATCC

3.2.5.4. Taxonomic classification
Following sequencing, the DADA2 pipeline (v1.8) was used to filter, end-trim,
denoise and merge paired reads before generating an ASV table (Callahan et al.,
2016). The was applied using R scripts developed at the FISABIO institute and
was performed by experienced bioinformaticians with processes described
previously (Carda-Diéguez et al., 2019, Ferrer et al., 2020, Rosier et al., 2021).
After sequencing, forward and reverse reads were trimmed and truncated to 251
and 206 bases respectively, to remove primers from the beginning of each read
and low-quality bases from the end. Reads with any ambiguous ‘N’ bases or >5
expected errors were discarded, and error rates for each base transition were
estimated. Dereplication was then performed to combine all identical reads into
unique sequences. Using dereplicated reads and error estimations, sequence
variants were inferred. Next, forward and reverse pairs were merged together
with a minimum overlap of 12 bases and a maximum mismatch of 1 base in the
overlapping region to obtain single denoised variants. From here, chimeras and
singletons were detected and eliminated. ASVs were then mapped onto the
Homo sapien genome (GRCh38.p13) using Bowtie2 (v2.3.5.1) to remove host
reads (Langmead and Salzberg, 2012). The SILVA database (v138) was then used
to assign taxonomy to remaining ASVs (Quast et al., 2013). Classification up to
genus-level was achieved using the DADA2 naïve Bayesian classifier (Wang et al.,
2007) and species initially assigned by exact matching (100%). ASVs with genuslevel classification but without exact species matching were aligned using the
BLASTn tool (v2.10.0) against the SILVA database with a minimum of 97%
matching (Altschul et al., 1990). This assignment was only used if the difference
between the first and the second-best matches was ≥2%.
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3.2.6. Data analysis
3.2.6.1. Analysis of salivary and GCF cytokines
Analysis of salivary and GCF cytokines was performed using GraphPad PRISM (v8).
All salivary and GCF cytokines displayed a non-parametric data distribution upon
visual inspection of histograms. Therefore, correlations with periodontal clinical
parameters were performed using Spearman-Rho correlation coefficients. Delta
values in salivary cytokines and PISA were normally distributed, and thus
correlation between these variables were conducted using Pearson’s correlation
coefficients. Longitudinal alterations were assessed using Wilcoxon signed-rank
tests, and cross-sectional differences assessed using either Mann-Whitney U tests
(PISA groups) or Kruskall-Wallis test with Dunn’s post-hoc for multiple
comparisons (smoking categories). The total level of GCF cytokines were
compared for patients with 4 eluted strips, or standardised GCF cytokine levels
were compared across the entire cohort, both of which are semi-quantitative.

3.2.6.2. Analysis of the subgingival plaque microbiome
For analysis of the subgingival plaque microbiome, R programming language
(v3.4+) was used for statistical computing (R Core Team, 2014) using scripts
developed at the FISABIO institute. The lowest number of classified reads at
species-level was 9284. Therefore, α-diversity indices (observed species,
shannon, ACE) were calculated rarefying to 9000 reads per sample using the
Vegan library in R (Oksanen et al., 2019). This process was repeated 5 times and
the average values were analysed. All indices were normally distributed and
longitudinal differences were assessed using paired t-tests in GraphPad PRISM
(v.8). Differences between demographic and behavioral subgroups were assessed
using Mann-Whitney or Kruskall-Wallis tests where appropriate.The β-diversity
was analysed using Bray-Curtis based principal co-ordinate analysis (PCoA)
generated within the MicrobiomeAnalyst software using the phyloseq R package
(Mcmurdie and Holmes, 2013, Dhariwal et al., 2017, Chong et al., 2020). The
Analysis of Similarities (ANOSIM) tool in MicrobiomeAnalyst was used to evaluate
differences in β-diversity, which tests whether differences within-groups are
greater than between-groups (Chong et al., 2020).
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Although the DADA2 pipeline can produce species-level taxonomic assignment,
the classification accuracy is reduced given the short length Illumina reads
(Claesson et al., 2010). Therefore, microbiota analysis was performed at both
genus (more accurate) and species (more informative) level. For longitudinal
analysis, only genera and species with a minimal signal of detection were
included. Specifically, a genus or species was included if it was present in 50% of
the samples at either timepoint with an abundance superior to five times the
smallest percentage above zero. For univariate longitudinal analysis, paired tests
(i.e., wilcox.test function of stats library of R) were performed to test
differences in the relative abundance of genera and species between baseline
and day 90, corrected for multiple comparisons using a false discovery rate
(FDR) of 5% (Benjamini and Hochberg, 1995). To compare the abundance of
known health and disease-associated organisms, species were grouped according
to previously defined complexes (Socransky et al., 1998, Pérez-Chaparro et al.,
2014), and analysed using Wilcoxon signed-rank tests in GraphPad PRISM (v.8).
For association networks, pairwise associations were computed between genera
based on a multivariant approach described previously (González et al., 2012),
which was implemented in the 'mixOmics' R package (Rohart et al., 2017). Using
this method, associations between genera and species are obtained based on
their projection onto a correlation circle plot derived from a principal
components analysis. In the association networks, only negative associations
below -0.4 and positive associations above 0.4 were considered. The network
graphs were obtained with the R ggraph package (Pedersen, 2020).

3.2.6.3. Analysis of treatment response
Treatment response analysis was conducted two-fold to account for the sitespecific nature of subgingival plaque samples. For microbiota analysis,
treatment response was defined as sites which achieved ‘pocket closure’
following treatment (conversion of a periodontal site measuring ≥5 mm at
baseline to a site measuring ≤4 mm at day 90). This analysis was conducted only
within sites ≥5 mm at baseline, and therefore two samples were excluded from
the analysis.
For salivary analysis, full-mouth clinical parameters were employed to classify
treatment response. Only patients with PISA values commensurate with at least
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moderate PD based on previous thresholds were included (Leira et al., 2018),
meaning six patients were excluded from this analysis. Response to treatment
was then defined as >median percentage PISA improvement following treatment,
leaving equal sized groups of high (n=18) and low responders (n=18). Median
improvement has been previously used to determine clinical success groups
following NSPT (Bizzarro et al., 2016, Grande et al., 2020).
For both analyses, differences in clinical parameters were assessed using general
linear models (GLMs). This was performed in the SPSS software (v26), and
baseline levels of disease severity were included as covariates. Microbiome
analysis (α and β-diversity, differential abundance) was conducted as described
above (Chong et al., 2020). Bray-Curtis dissimilarity for each sample pair were
calculated in the Paleontological statistics (PAST) software (v4.01) (Hammer et
al., 2001) and compared using a Mann-Whitney U test between groups. For
salivary analysis, receiver operating characteristic (ROC) curves and classifier
evaluation metrics were generated using SPSS software (v26).
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3.3. Results
3.3.1. Salivary cytokines
Throughout this section, five salivary cytokines were investigated to establish
their relationship with disease severity and alterations following NSPT (TNFα, IL6, IL-8, IL-17A and IL-1β). This non-exhaustive panel of analytes was selected
based on the cytokines already assessed in serum from this cohort (TNFα, IL-6).
In addition, IL-1, IL-8 and IL-17A were included as these have been commonly
assessed within previous cross-sectional studies (Jaedicke et al., 2016). This
panel allowed comparison with previous work and systemic findings in the
current study. The Luminex™ panel in chapter 4 was also considered in
selection.

3.3.1.1. Association between salivary cytokines and disease severity
To evaluate whether cytokines were associated with disease severity at
baseline, a correlation analysis was performed with clinical parameters using
Spearman-Rho correlation coefficient’s (figure 3.1A). Salivary IL-1β showed
moderate positive associations with clinical parameters, including PISA (r=0.534,
p<0.001). A weak positive association was observed between salivary IL-8 and
full-mouth pocket depth, proportion of deep periodontal pockets and PISA
(r=0.423, 0.424, 0.372 respectfully), whilst a weak negative association was
observed between IL-17A and plaque index (r=-0.375, p=0.049). In contrast,
there was insufficient evidence for an association between salivary TNFα or IL-6
with any clinical parameter within the current study.

3.3.1.2. Alterations in salivary cytokines following treatment
Assessing longitudinal alterations following treatment, there were no shifts in
the level of salivary TNFα, IL-6 or IL-8 within the current study (all p>0.05,
Wilcoxon signed-rank test, figure 3.1). Interestingly, salivary IL-17A appeared to
increase following treatment, albeit a quantitatively small change was recorded
(median: 7.02 pg/mL at baseline to 12.25 pg/mL at day 90, p<0.001, figure
3.1E). In contrast, salivary IL-1β showed highly consistent and significant
reductions following treatment (p<0.001, figure 3.1F).

110

Figure 3.1. Investigating salivary cytokines. (A) Correlating the levels of salivary cytokines at baseline with clinical periodontal parameters, values
represent Spearman-Rho correlation. P-values were corrected using FDR (5%) where *p(adjusted)<0.05 and **p(adjusted)<0.01. (B) Comparing
changes in the levels of TNFα, IL-6, IL-8, IL-17A and IL-1β at baseline (BL) and day-90 (D90). Graphs are Tukey boxplots where horizontal line
indicates the median and individual points indicate potential outliers. Statistics are Wilcoxon signed-rank test, where ***p<0.001. n=41.
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3.3.1.3. The impact of local inflammation on salivary cytokines
To further explore the relationship between periodontal disease severity and
salivary cytokines, a subgroup analysis was performed. Patients were divided
into mild-moderate and severe disease groups based on their baseline PISA
values using the thresholds outlined previously in chapter 2 (Leira et al., 2018).
This analysis suggested no differences in salivary TNFα, IL-6 or IL-8 between
mild-moderate and severe groups at either timepoint, or within groups following
treatment (figure 3.2A-C). Patients with severe disease displayed a trend
towards lower salivary IL-17A at baseline (p=0.06), and levels significantly
increased following treatment only within this group (p<0.001, figure 3.2D).
Patients with severe disease also displayed higher salivary IL-1β at baseline
(p<0.01), which significantly reduced following treatment (p<0.001, figure
3.2E). For both IL-17A and IL-1β, no longitudinal alterations were observed in
the mild-moderate group, suggesting that alterations in these cytokines were
heavily influenced by the degree of baseline periodontal inflammation and
subsequent reductions following treatment.
The change (Δ) in each salivary cytokine was also correlated against the change
in PISA (figure 3.2F-J). The change in salivary IL-1β showed a weak positive
association with the change in the PISA (r=0.42, p=0.006, figure 3J). Despite the
lack of change at day 90, salivary IL-8 showed a similar relationship (r=0.45,
p=0.003, figure 3H), whereby those with the greatest reduction in PISA tended
to show a slight reduction in salivary IL-8 following treatment, whilst patients
with less pronounced changes showed similar levels compared with baseline.
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Figure 3.2. The relationship between salivary cytokines and disease severity. Comparing TNFα (A), IL-6 (B), IL-8 (C), IL-17A (D) and IL-1β (E)
between disease severity groups at baseline (BL) and day 90 (D90), and longitudinally within each group following treatment. Statistics refer to
Mann-Whitney U test for between group comparisons and Wilcoxon signed-rank test for within-group comparisons, where ns means no significant
difference, *p<0.05, **p<0.01 and ***p<0.001. The change (Δ) in PISA was correlated against ΔTNFα (F), ΔIL-6 (G), ΔIL-8 (H), ΔIL-17A (I) and ΔIL-1β (J)
using Pearson’s correlation co-efficient. Raw p-values are shown, n=41.
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3.3.1.4. The impact of smoking on salivary cytokines
Smoking has previously been shown to influence cytokine concentrations within
saliva and GCF of PD patients (Rodríguez-Rabassa et al., 2018, Buduneli et al.,
2008, Boström et al., 1999, Tymkiw et al., 2011), therefore an additional
subgroup analysis was performed where patients were divided according to
smoking status; never smokers (n=15), former smokers (n=16) and current
smokers (n=10).
Assessing cross-sectional differences between groups and longitudinal alterations
within groups, there were no consistent alterations with respect to salivary
cytokines. Within group analysis suggested a reduction in salivary TNFα within
current smokers (median: 2.26 pg/mL [baseline] to 0.92 pg/mL [day 90],
p=0.027, figure 3.3A) and this trend was not maintained in former- or neversmokers. Salivary IL-6 appeared greater in never-smokers in comparison with
current smokers at baseline (p=0.01, figure 3.3B), and appeared to reduce
within this group following treatment (6.52 pg/mL [baseline] to 5.02 pg/mL [day
90], p=0.002). The current analysis did not demonstrate any cross-sectional or
longitudinal differences in salivary IL-8 (figure 3.3C).
When patients were divided according to smoking status, the increase in salivary
IL-17A following treatment was consistent only within never-smokers (5.95
pg/mL [baseline] to 9.20 pg/mL [day 90], p=0.007, figure 3.3D), however a
similar trend was maintained across all groups. Salivary IL-1β was reduced
following treatment in both never- and former smokers following treatment and
there was a weak trend within current smokers at day 90, particularly for
patients who displayed higher levels at baseline (p=0.08, figure 3.3E). The small
sample size of smoking subgroups must be considered in this analysis and it is
noteworthy to mention that trends in IL-17A and IL-1β appeared to be
maintained regardless of smoking status. For the remaining cytokines, it could
be suggested that smoking status influenced salivary IL-6 levels at baseline,
although the magnitude of difference was generally low (6.52 pg/mL [neversmokers] vs. 2.27 pg/mL [current smokers]).
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Figure 3.3. The influence of smoking on salivary cytokines. Never smokers (n=15),
former smokers (n=16†) and current smokers (n=10). Comparing TNFα (A), IL-6 (B), IL-8
(C), IL-17A (D) and IL-1β (E) between smoking categories severity groups at baseline
(BL) and day 90 (D90), and longitudinally within each group following treatment.
Statistics refer to Kruskall-Wallis test with Dunn’s post-hoc (between group) or Wilcoxon
signed-rank test (within-group), where ns means no significant difference. †One patient
had limited saliva volume and was not included in any salivary analysis.
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3.3.2. Cytokines in gingival crevicular fluid (GCF)
To establish whether alterations in salivary cytokines were consistent in a
localised site, GCF was evaluated at baseline and day 90. According to the clinic
protocol, blood contaminated strips were discarded at the time of collection.
However, during sample processing GCF strips were visually inspected for blood
contamination and an additional 10 strips were found to be contaminated
(figure 3.4A). These strips were subsequently discarded prior to sample-pooling.
At baseline, 37 patients had 4 strips pooled together for final analysis, whilst 5
patients had 3 strips pooled together. At day 90, 38 patients had all 4 strips
pooled together, 3 patients had 3 strips pooled together and one patient had 2
strips pooled together (figure 3.4B).

A

B
5

BL
37

1 3

D90
38

#Strips eluted
Two

Three

Four

Figure 3.4. Pooling of GCF strips. Images of GCF strips which were discarded from
analysis due to blood contamination (A). Pie-charts showing the numbers of GCF strips
eluted per patient (n=42) at baseline (BL) and day 90 (D90). Grey indicates 4 strips
eluted, black indicates 3 strips eluted and white indicates two strips eluted.
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3.3.2.1. Clinical characteristics of sampled sites
In contrast to saliva, GCF samples are site-specific. Therefore, clinical changes
at sites sampled for GCF were initially evaluated to ensure clinical
improvement. Cumulative values of PPD and CAL were compared only across
patients with 4 strips eluted at both timepoints (n=33, table 3.3). Within these
sites, significant reductions were observed in both PPD and CAL following
treatment (p<0.001 for both). The changes in clinical sites were then evaluated
for the whole cohort (n=42). In this ‘whole cohort’ analysis, clinical parameters
were averaged within each patient, allowing a control for patients from whom 2
or 3 strips were eluted. For example, if two strips were eluted then clinical
characteristics from these two sites were averaged. This analysis also showed
significant reductions in PPD and CAL across all patients (p<0.001) and reflected
clinical improvement across every patient.

Table 3.3. Periodontal clinical parameters for GCF sampled sites. Table represents the
cumulative values of PPD and CAL of the 4 sites from which samples were collected
(n=33), or the average values from all patients (n=42).
Variable

Baseline
(n=42)

Day 90
(n=42)

p-value

Cumulative values (4 sites, n=33)
PPD (mm)

21.46 (±4.21)

14.76 (±3.48)

<0.001

CAL (mm)

24.32 (±5.60)

18.97 (±4.73)

<0.001

Averaged values (2-4 sites, n=42)
PPD (mm)

5.51 (±1.15)

3.75 (±0.89)

<0.001

CAL (mm)

6.28 (±1.51)

4.88 (±1.29)

<0.001

Data are displayed as mean (±SD); statistics refer to paired t-test.

117

3.3.2.2. Longitudinal alterations in GCF cytokines
The concentration of GCF cytokines were correlated against site specific clinical
data at baseline, which yielded negligible associations for all cytokines (all R >0.3 <0.3 and p>0.05). These cytokines were next assessed longitudinally, initially
across patients with 4 eluted strips at each timepoint, and subsequently within
every patient standardised to the number of strips eluted. When assessing the
total measured cytokine concentrations within patients with 4 eluted strips, the
current study did not observe changes in IL-6 or IL-8 following treatment (figure
3.5A,B). However, there was an increase in GCF IL-17A (median: 3.72 [baseline]
to 5.17 total pg/30s [day 90], p<0.001, figure 3.5C), and a reduction in GCF IL1β (1145.00 [baseline] to 428.70 total pg/30s [day 90], p<0.001, figure 3.5D),
matching with alterations in saliva.
Similar results were observed when standardised GCF cytokine concentrations
were assessed across the entire cohort, with an increase in IL-17A (1.01
[baseline] to 2.21 AU/30s [day 90], p<0.001, figure 3.5G) and reduction in IL-1β
(264.1 [baseline] to 99.96 AU/30s [day 90], p<0.001, figure 3.5H) following
treatment. There were no longitudinal alterations in GCF IL-6 or IL-8 when
standardised for the number of eluted strips (figure 3.5E,F). Thus, trends
remained consistent regardless if total or standardised cytokine levels were
employed.
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Figure 3.5. Longitudinal alterations in GCF IL-6, IL-8, IL-17A, IL-1β. Total cytokine levels were compared across patients with 4 eluted strips at each
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3.3.2.3. The impact of smoking on GCF cytokines
GCF cytokines were next assessed across different smoking categories. Previous
studies have suggested that cytokines within GCF, such as IL-6 and IL-1β (Tymkiw
et al., 2011, Binshabaib et al., 2019) may be heavily influenced by cigarette
smoking. Within the current study, cross-sectional analysis suggested no
differences in GCF cytokine levels among smoking groups at either baseline or
day 90 (figure 3.6). This was consistent irrespective of whether total (figure
3.6A-D) or standardised (figure 3.6E-H) cytokine values were compared.
Exploratory longitudinal analysis showed no apparent impact of smoking status
on GCF IL-6 (figure 3.6A, E). In contrast, GCF IL-8 appeared to decrease
following treatment within former-smokers (figure 3.6B, F). This finding only
reached statistical significance when standardised cytokine levels were
compared across the entire cohort (median: 258.0 [baseline] to 143.3 AU/30s
[day 90], p<0.001, figure 3.6F), although a comparable trend was observed
using total levels across a smaller number of patients (figure 3.6B).
Elevated IL-17A and reduced IL-1β were observed following treatment across the
entire cohort, and this was largely consistent when stratifying according to
smoking status. When assessing total cytokine levels, GCF IL-17A increased in
both never- and former-smokers following treatment, but not current-smokers
(figure 3.6C). GCF IL-1β reduced in both former- and current-smokers, but not
never-smokers (figure 3.6D). When standardised cytokine levels were compared,
GCF IL-17A increased significantly following treatment in all three smoking
categories, whilst GCF IL-1β reduced significantly in all three smoking categories
(all p<0.05, figure 3.6G-H). Therefore, smoking did not appear to markedly
influence the trends in GCF cytokines within this small exploratory subgroup
analysis.
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Figure 3.6. The influence of smoking on GCF cytokines. Total IL-6, IL-8, IL-17A and IL-1β were compared across smoking categories among patients
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3.3.2.4. Association between salivary and GCF cytokines
As longitudinal shifts remained consistent within GCF and saliva with regard to
IL-17A (increase) and IL-1β (decrease), it was hypothesised that the levels of
cytokines may correlate within each sample type. Although extensive analysis
has characterised cytokines in GCF and saliva of PD patients, this analysis has
largely been conducted independently (Teles et al., 2009, Ebersole et al., 2015,
Stadler et al., 2016, Zein Elabdeen et al., 2017). Establishing whether
associations exist between GCF and salivary cytokines is currently lacking,
particularly within a cohort of PD patients. Such a finding, although limited to
four cytokines, could be important to support the use of saliva as an ideal
sample type for screening periodontal disease, and offer a preliminary insight
into the relationship between saliva composition and more local cytokine
production at specific sites at the gingivae.
Analysis between salivary and GCF cytokines was performed using Spearman-Rho
correlation coefficients at baseline. Assessing correlations between total GCF
cytokine level (4 strips, n=33) with salivary cytokines, a moderate positive
correlation was observed for IL-6 levels at baseline (Spearman r=0.498, p=0.002,
figure 3.7A). Similar results were observed across the entire cohort using
standardised GCF levels (Spearman r=0.514, p<0.001, figure 3.7E); however,
this did appear skewed by a cluster of samples with very low quantities of IL-6.
No other associations were observed between GCF and salivary cytokines at
baseline, using both total and standardised GCF quantities, and many factors
may contribute to these results. For example, GCF samples are collected over a
30 second period, whereas saliva collection is standardised for volume rather
than time. In addition, there are several difficulties in collecting and analysing
cytokines within GCF samples, as has been observed throughout this study.
Therefore, the results from this study for GCF cytokines are semi-quantitative
estimates given that results were standardised to the number of eluted strips,
and no measurement of collected GCF volume were available.
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Figure 3.7. Association between cytokine levels in the saliva and GCF at baseline.
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3.3.3. Subgingival plaque microbiome
Given the widespread clinical improvements and alterations in local
inflammatory cytokines observed throughout this study, the subgingival plaque
microbiome was compared at baseline and day 90 to investigate the microbial
response to NSPT.

3.3.3.1. Clinical characteristics from sampled sites
One site from each patient was selected for 16S rRNA sequencing. Clinical
parameters (PPD and CAL) are shown in table 3.4 for sampled sites. The median
PPD and CAL of sampled sites was 7 mm and 8 mm respectively. Following
treatment, PPD reduced to 4 mm, and CAL reduced to 6 mm, which was
statistically significant for each parameter (p<0.001 for both). The deepest site
in each quadrant was sampled, and therefore sampled sites included molar and
non-molar teeth.

Table 3.4. Periodontal clinical parameters for subgingival plaque sampled sites. Data
represent sites from which subgingival plaque samples were harvested. Data are
displayed as medians (Q1, Q3), statistics are Wilcoxon signed-rank tests. n=42.
Variable

Baseline
(n=42)

Day 90
(n=42)

p-value

Site PPD (mm)

7.00 (6.00, 8.00)

4.00 (4.00, 5.00)

<0.001

Site CAL (mm)

8.00 (7.00, 9.00)

6.00 (5.00, 7.00)

<0.001
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3.3.3.2. Sequencing depth and rarefaction analysis
The 16S rRNA sequencing analysis of subgingival plaque yielded 4745 ASVs across
84 samples. The average number of reads obtained was 90,830 per sample,
which ranged from 35,372 to 343,259 reads. After removing singletons, ASVs
were classified into 206 genera and 379 species. Prior to calculating α-diversity
indexes, rarefaction analysis was performed which plots the observed number of
species against different rarefied read depths. This analysis rarefies samples to a
pre-defined number of reads, to demonstrate that differences in diversity are
not due to sequencing depth. At low reads, it is expected that the number of
observed species will increase rapidly as more common species are identified.
However, once only rare species remain the curve will gradually plateau
indicating that sample diversity has been adequately captured.
Across the samples in the current study, the lowest number of reads classified to
species-level was 9,103. As such, 9,000 was used as an upper boundary for
rarefaction analysis to be used in calculation of α-diversity indices (figure 3.8).
The results of this analysis showed that the observed species from all samples
gradually plateaued upon rarefaction, suggesting that a reliable estimate of
taxonomic diversity was feasible when rarefying to 9,000 reads per sample.
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Figure 3.8. Rarefaction curves for α-diversity indices. Graph displays the observed
species at baseline (red) and day-90 (blue) (A) for all samples when rarefying from
1000-9000 reads. N=84.

3.3.3.3. Baseline associations with α-diversity
After rarefying to 9,000 reads, the Shannon diversity index was calculated at
species-level. This index is a measure of both richness and diversity, which
factors in how many species are present and their corresponding abundance.
Low values indicate dominance from a few number of species, whilst higher
values indicate many species with similar abundances. These results were
supplemented with an additional α-diversity index known as abundance-based
coverage estimators (ACE index), which uses the number of rare and common
species to estimate how many more undiscovered species may exist in samples.
Thus, it is possible to estimate how many species are present in samples with a
higher degree of accuracy in comparison to using observed species alone.
It was initially investigated whether the diversity of subgingival plaque samples
was associated with the pocket depth or attachment level of sampled sites at
baseline. Previous studies have shown that the diversity of the subgingival
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plaque microbiome is elevated in PD compared with periodontal health
(Abusleme et al., 2013, Griffen et al., 2012), indicating that increased pocket
depths, inflammation and/or modulation of the host immune response allow for
growth of a more diverse plaque community. Given these previous findings, it
was hypothesised that the pocket depth of sampled sites may correlate with αdiversity indices.
No strong association was observed between either of these clinical variables
(PPD and CAL) and the Shannon index (figure 3.9A, C). However, the data
generally supported a weak positive association for all parameters with
comparable trends. This was only considered statistically significant between
the ACE index and PPD of sampled sites (Pearson R = 0.352, p=0.02, figure 3.9B)
and appeared driven by extreme values.
Along with site-specific clinical variables, α-diversity indices were compared
across different demographic and behavioural variables to establish the impact
on subgingival plaque diversity (figure 3.10). This analysis suggested no
alterations in the Shannon and ACE indices at baseline when the sites were
sampled from molars or non-molars (figure 3.10A, E), different age groups
(figure 3.10B,F) or smoking categories (figure 3.10C, E). A slight elevation in
ACE index was found when comparing mild-moderate and severe PISA groups
(mean[SD]: 107.5 [28.51] vs. 124.7 [20.90], p=0.03, figure 3.10H). The Shannon
index also appeared higher in the severe PISA group; however this did not
maintain statistical significance and variance appeared larger within each group
(figure 3.10D).
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3.3.3.4. Baseline associations with β-diversity
Whilst α-diversity measures the diversity of a single sample, β-diversity assesses
how different samples vary against one another. One method to measure βdiversity is using Bray-Curtis dissimilarity which uses abundance data to discern
differences in microbial community composition. To reduce the dimensionality
of the data, results can be plotted using a Principal Coordinate Analysis (PCoA),
capable of handling dissimilarity rather than Euclidean distances (used by
principal components analysis). Hence, β-diversity is able to identify factors
contributing to variation in the microbiome community. This analysis was
conducted at genus- and species-level to ensure reliability of results.
It was hypothesised that the microbiota composition may differ according to
sampled site disease severity. This was visualised between sites with different
PPD and CAL values at baseline using a Bray-Curtis dissimilarity based PCoA.
Interestingly, there appeared to be no distinct clustering of different PPD and
CAL values at both genus- (figure 3.11A, C) or species-level (figure 3.11B, D).
This visual assessment was confirmed statistically using the ANOSIM function (all
p>0.05).
One factor which may explain this lack of clustering is that all samples were
collected from patients with PD, and predominantly from sites with PPD values
between 6 and 8 mm (>75% of samples). Although extreme values were recorded
(up to 12 mm), these equated to only a very low proportion of samples.
Evaluating these data, it is perhaps unsurprising that no widespread, consistent
alterations were observed when clinical variables were largely confined within a
relatively low range.
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Figure 3.11. β-diversity when stratified for site-specific disease severity at baseline. PCoA plots based on Bray-Curtis dissimilarity at genus- (A,C)
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Differences in baseline β-diversity were also assessed in relation to sampled site
anatomy (molar/non-molar), age, smoking status and PISA groups. When
assessed using ANOSIM, no significant differences were observed when
comparing molar and non-molars (figure 3.12A,B), different age (figure
3.12C,D) or smoking (figure 3.12E,F) categories (p>0.05 for all). Similar to the
ACE index, this analysis did suggest subtle differences in PISA groups (p=0.06
[genus-level], p=0.03 [species-level], figure 3.12G,H). However, differential
abundance analysis did not identify any differences in genera or species between
each category.
Thus, whilst variation in the baseline subgingival plaque microbiome of PD
patients did exist, this did not appear to be solely driven by demographic or
behavioural variables within the current cohort. Similar to the clinical analysis
described previously, it is important to note that all patients in the current
study suffered from PD and sampled predominantly from deep sites between 6
and 8 mm in depth, which may mask any influence of these factors on the
subgingival plaque microbiota.
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133

3.3.3.5. Longitudinal alterations in α-diversity
Longitudinal analysis was collectively performed across all 42 patients. The αdiversity indices were compared at baseline and day 90 using a paired analysis
(paired t-test), which showed reductions in both the Shannon (mean [SD]: 3.52
[0.33] baseline to 3.05 [0.56] day 90, p<0.001, figure 3.13A) and ACE indexes
(119 [24.77] baseline to 96.94 [26.83] day 90, p<0.001, figure 3.13B) following
treatment. Visual inspection suggested that these reductions were highly
consistent across the majority of patients. Indeed, of the 42 patients analysed;
35 (83%) showed a reduction in the Shannon index, and 32 (76%) showed a
reduction in the ACE index at day 90.
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Figure 3.13. Shifts in α-diversity following treatment. Shannon (A) and ACE (B) indexes
longitudinally following NST. Bars represent means with lines connecting individual
patients. Statistics are paired t-test where ***p<0.001. N=42.
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3.3.3.6. Longitudinal alterations in β-diversity
Shifts in the total microbiome community following treatment were next
investigated using a Bray-Curtis based PCoA. This analysis was performed across
all 42 patients, comparing baseline and day 90 samples at genus- and specieslevel. At genus-level, PCo1 and PCo2 equated to 47.4% of the variance in the
dataset. There appeared to be distinct clustering of samples from each
timepoint which existed largely across PCo1, although some degree of overlap
remained (figure 3.14A). This was confirmed statistically using the ANOSIM
function, outlining larger differences between groups than within groups
(p<0.001). At species-level, PCo1 and PCo2 equated to less variance than at
genus-level (36.1%), although distinct clustering between baseline and day 90
samples was visually more apparent (figure 3.14B). Similar to genus-level,
variation between timepoints was largely across PCo1, confirmed statistically
using the ANOSIM function (p<0.001, R=0.20).

3.3.3.7. Microbiome composition at baseline and day 90
To supplement the β-diversity analysis, the most abundant genera and species
were plotted to visualise the microbiota composition (figure 3.15A-B). The most
abundant genera were Fusobacterium and Prevotella representing 10.8% and
9.6% of the baseline composition respectively (figure 3.15A). The abundance of
both genera reduced to 6.3% (Fusobacterium) and 6.0% (Prevotella) at day 90.
Streptococcus, which represented 9.2% of the composition at baseline increased
to 16.4% at day 90. Large increases were also observed for Actinomyces (3.2% at
baseline, 8.8% at day 90), Corynebacterium (3.0% at baseline, 7.7% at day 90)
and Rothia (2.5% at baseline, 7.7% at day 90). Similar data was observed at
species-level (figure 3.15B) where Fusobacterium nucleatum was the most
abundant species at baseline (9.2%), which reduced to 4.5% at day 90.
Unclassified Streptococcus increased from 8.0% at baseline to 13.9% at day 90.
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Figure 3.15. Microbiome composition at each timepoint. Displaying the top 20 most abundant genera (A) and top 30 most abundant species (B) at
baseline (BL) and day-90 (D90) across all patients. All other genera and species are grouped together as ‘Others’ shown in grey. N=42 both
timepoints.
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3.3.3.8. Longitudinal alterations in genera and species abundance
To establish which genera and species significantly differed following NSPT,
ranked abundances were compared using paired Wilcoxon tests adjusted for
multiple comparisons using the FDR (5%) approach (Benjamini and Hochberg,
1995). Only genera and species with a minimum signal of detection were
included in this analysis, as outlined in the methodology section (3.2.7). The
results of this analysis at genus- and species-level are plotted as volcano plots.
In total, 68 genera and 128 species met the pre-determined abundance threshold
and were assessed longitudinally. This analysis demonstrated significant changes
in the abundance of 42 genera (figure 3.16A) and 61 species (figure 3.16B)
comparing baseline and day 90 samples. Of the 42 genera, 34 decreased whilst 8
increased in abundance; at species level 46 species decreased and 15 species
increased in abundance following treatment. One genera; Centipeda,
significantly reduced following treatment but displayed a positive fold-change
due to several extreme outliers (not plotted).
To identify genera and species contributing most to the compositional
alterations, a further filter of an absolute median difference of >0.25% (genuslevel) or >0.1% (species-level) between baseline and day 90 samples was
applied. Once this filter was applied, 18 of the 42 significantly-different genera
and 29 of the 61 significantly different species remained, with abundances
plotted in figure 3.17A-B. This additional filter allowed exclusion of genera and
species where only slight compositional alterations were observed.
After this additional filtering step, five genera displayed a significant increase
following treatment. The most abundant of which were Streptococcus and
Actinomyces, both grouped in colour complexes and associated with a
commensal microbiota (Socransky et al., 1998). Additionally, significant
increases were observed in other ungrouped genera such as Corynebacterium,
Rothia and Kingella. These results were largely consistent at species-level,
despite a large proportion of organisms being unclassified. For example, the
most abundant species-level alterations were observed for unclassified
Streptococcus and Actinomyces species. Of those classified to species-level,
increases were observed for Corynebacterium matruchotii (2.00 vs. 4.19%),
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Rothia dentocariosa (0.56 vs. 1.64%), Streptococcus cristatus (0.24 vs. 1.41%),
and Kingella oralis (0.18 vs. 0.30%).
In contrast, 13 genera significantly decreased following treatment and met the
additional difference filter, suggesting that a large proportion of the reductions
initially observed represented only a minor compositional shift. Nearly all
reductions were observed for strict-anaerobic genera. Notable reductions were
observed for genera previously found to be strongly associated with PD,
including; Treponema (2.54 vs. 0.28%), Porphyromonas (2.50 vs. 0.72%),
Tannerella (1.28 vs. 0.14%) and Filifactor (0.98 vs. 0.03%). Likewise, anaerobic
genera which are known to be abundant in health but increase in PD such as
Fusobacterium and Prevotella (Chen et al., 2018) displayed significant
reductions following treatment. At species-level, 27 species showed significant
reductions and met the additional filtering criteria. Whilst many of these species
are known to be associated with PD (Tannerella forsythia, Treponema denticola,
Filifactor alocis), less abundant species such as Fretibacterium feline (0.15 vs.
0.001%), Dialister invisus (0.75 vs. 0.03%) and Selenomonas sputigena (0.69 vs.
0.12%) also showed comparable trends.
Collectively, these data highlight longitudinal alterations in the abundance of
several genera and species following non-surgical treatment. The majority of
reductions were observed for strict anaerobes, whilst increases were mainly
found in facultative anaerobes or aerobes. Importantly, these alterations were
present 90 days following treatment, suggesting that NSPT induces a lasting
impact on the subgingival plaque microbiota composition across a relatively
large number of patients (n=42). It is also noteworthy to mention that although
several significant alterations were observed, large-scale compositional changes
were driven by relatively few genera; reductions in Fusobacterium, Prevotella,
Selenomonas, Porphyromonas, Treponema, Tannerella and increases in Rothia,
Corynebacterium, Actinomyces and Streptococcus.
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Figure 3.16. Longitudinal shifts in abundance following NSPT. Volcano plots of the
longitudinal analysis of 67 genera (A) and 128 species (B) comparing baseline and day 90
samples. Only genera and species which met the pre-determined prevalence threshold
were included in this analysis. Data are displayed as the -log10 transformed adjusted pvalue (y-axis) generated through Wilcoxon-signed rank tests with FDR (5%) adjustment,
and log2 fold-change in the average abundance of each genera and species (x-axis). Red
dots indicate a significant decrease and blue dots indicate a significant increase in
abundance following treatment, grey dots displayed no significant alterations. N=42.
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alterations following treatment. This threshold was set at significantly different and
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3.3.3.9. Longitudinal alterations in grouped complexes
PD is associated with dysbiosis of the subgingival plaque microbiome, with
groups of bacteria believed to contribute to disease development and shift the
subgingival plaque from a ‘eubiotic’ to a dysbiotic state. As such, groups of
bacteria, rather than individual species, have been suggested as microbial
biomarkers. To confirm that the reductions observed throughout the current
study following treatment were indicative of a health-associated, rather than
random microbial shift, various predefined bacterial groups were compared at
baseline and day 90 (table 3.5).
Historically, Socransky et al., identified distinct complexes and assigned each a
colour (red, orange, green, purple, blue and yellow) depending on their strength
of association with periodontal disease (Socransky et al., 1998). Red and orange
complexes contain groups of disease-associated organisms, whilst the green,
purple, blue and yellow complexes contain species associated with a commensal
microbiome. Following treatment there were significant reductions in the
abundance of the red and orange complexes (p<0.001 for both). No differences
were observed in green and purple complexes, whilst significant increases were
found in the blue (p<0.01) and yellow (p<0.001) complexes at day 90.
A more recent review by Perez-Chaparro et al., identified a more complex
community of disease associated bacteria (Pérez-Chaparro et al., 2014). When
grouped together, there was a similar reduction in the abundance of these
species following treatment (p<0.001). Thus, whilst comparison with subgingival
plaque from periodontally healthy subjects was not available during this study, a
reduction in disease-associated complexes and an increase in complexes
associated with health was observed. Together, these data represent a clear
health associated shift in the subgingival plaque microbiome composition
following NSPT.
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Table 3.5. The abundance of health and disease associated species (n=42). Abundances
are median (Q1, Q3).
Bacterial species

Baseline (%)

Day 90 (%)

Adjusted p-value

1.396
(0.491, 4.965)

0.059
(0.000, 0.626)

0.0005

12.440
(8.151, 18.52)

3.287
(1.366, 12.970)

0.0009

0.999
(0.456, 3.534)

1.079
(0.360, 3.049)

0.8430

1.160
(0.503, 2.761)

0.790
(0.329, 1.716)

0.1458

2.162
(1.023, 4.040)

5.768
(1.417, 10.560)

0.0053

7.832
(5.702, 12.700)

15.460
(10.280, 19.910)

0.0002

1

Red complex
Porphyromonas_gingivalis
Treponema_denticola
Tannerella_forsythia
Orange complex1
Prevotella_intermedia
Prevotella_nigrescens
Fusobacterium_nucleatum
Fusobacterium_periodonticum
Parvimonas_micra
Campylobacter_gracilis
Streptococcus_constellatus
Campylobacter_showae
Green complex1
Aa#
Eikenella_corrodens
Capnocytophaga_ochracea
Capnacytophaga_gingivalis
Capnocytophaga_sputigena
Purple complex1
Actinomyces_odontolyticus
Veillonella_parvula
Blue (Actinomyces) complex1
Actinomyces_cardiffensis
Actinomyces_israelii
Actinomyces_graevenitzii
Actinomyces_meyeri
Actinomyces_hongkongensis
Actinomyces_oris
Actinomyces_gerencseriae
Actinomyces_NA
Actinomyces_naeslundii
Actinomyces_massiliensis
Actinomyces_georgiae
Yellow complex1
Streptococcus_NA
Streptococcus_cristatus
Streptococcus_anginosus
Streptococcus_gordonii
Streptococcus_mutans
Streptoccus_oralis
Streptococcus_parasanguinis
Streptococcus_sobrinus
Streptococcus_salivarius
Streptococcus_sinensis
Streptococcus_massiliensis

Table continued next page
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Table 3.4. continued…
Bacterial species

Baseline (%)

Novel disease-associated species2
Treponema_medium
Peptostreptococcus_stomatis
Prevotella_denticola
Mogibacterium_timidum
Filifactor_alocis
Selenomonas_sputigena
8.472
Alloprevotella_tannerae
(3.296, 13.610)
Anaeroglobus_geminatus
Fretibacterium_fastidiosum
Porphyromonas_endodontalis
Treponema_vincentii
Treponema_lecithinolyticum
Dialister_pneumosintes

Day 90 (%)

Adjusted p-value

1.542
(0.055, 5.057)

0.0002

1

As outlined in Socransky et al., (1998)
As outlined in Perez-Chaparro et al., (2014), excluding those previously classified1
FDR corrected Wilcoxon signed-rank test; adjusted p-values are displayed.
#
Aa = Aggregatibacter actinomycetemcomitans.
2
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3.3.3.10. Association network construction: Correlation circle plots
Having evaluated compositional shifts, bacterial association networks were
constructed to evaluate change in the overall community structure, and gain
insight into the subgingival plaque ecology in PD. Networks were constructed
using a method outlined previously (González et al., 2012) utilising correlation
circle plots derived from PCAs. Both genera (figure 3.18) and species (figure
3.19) were analysed at baseline and day 90.
This method plots variables (genera/species) onto correlation circle plots with
two radii of 0.5 (inner circle) and 1.0 (outer circle) around a standardised centre
point. The association between two genera or species can then be determined
by calculating the cosine angle between each variable and the centre point. If
the angle is sharp (45°) then a positive association exists, if the angle is obtuse
(180°) then a negative correlation exists and if a right angle is present then no
association exists (cos[90]=0).
Given that variables are standardised around the centre point, the greater the
distance to the origin, the stronger the relationship between variables. This
method allows computation of positive and negative associations between
different genera and species, without reliance on parametric (Pearson’s) or nonparametric (Spearman’s) correlation coefficients, which may be skewed by
matching ‘0’ data that is common in microbiome datasets (Faust and Raes,
2016). Throughout the current analysis, only negative associations <-0.4 and
positive associations >0.4 were considered in network analysis. As such, the
majority of genera and species fell between the two radii when plotted on
correlation circle plots.
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Figure 3.18. Correlation circle plots for genus-level association networks. Association between genera were obtained based on their projection onto
a correlation circle plot derived from a principal component analysis, as described by González et al (2012). This was performed at baseline (A) and
day 90 (B).
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Figure 3.19. Correlation circle plots for species-level association networks. Association between species were obtained based on their projection
onto a correlation circle plot derived from a principal component analysis, as described by González et al (2012). This was performed at baseline (A)
and day 90 (B).
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Networks were next constructed to visualise associations between different
genera and species at each timepoint. At baseline there were two clear diseaseassociated clusters consisting of anaerobic genera, highlighting the polymicrobial
aetiology of PD (figure 3.20A). The first pre-treatment network consisted of
Prevotella, Selenomonas, Dialister, Solobacterium, Olsenella and Atopobium,
whilst Eikenella and Aggregatibacter showed negative associations with some of
these genera (figure 3.20A, red lines). Within the second cluster, Filifactor and
Fretibacterium were central players, both correlating positively with all three
red-complex genera (i.e., Porphyromonas, Treponema, Tannerella). After
treatment (figure 3.20B), a new disease-associated network was observed
consisting of Treponema, Prevotella, Parvimonas, Fusobacterium,
Alloprevotella, Selenomonas, Dialister and Catonella. Importantly, Rothia
showed negative associations with Selenomonas, Fusobacterium and Prevotella
of this cluster, whilst a positive correlation was found between Rothia and
Actinomyces.
Similar results were observed at species-level, where Filifactor alocis,
Fretibacterium fastidiusum and Fretibacterium feline were central in a closely
associated network of anaerobic bacteria, forming strong connections to various
PD-associated organisms at baseline (figure 3.21A). Following treatment (figure
3.21B), Rothia dentocariosa negatively associated with unclassified
Selenomonas and Lachnoanaerobaculum, whilst Corynebacterium matruchottii
showed negative associations with Fusobacterium nulceatum and Parvimonas
micra, two orange-complex species.
Clear alterations were observed in the abundance of specific genera/species and
the overall community structure following treatment. However, there appeared
to be an anaerobic core present in day 90 samples which was particularly
evident at genus-level. Fusobacterium, Prevotella, Treponema, Parvimonas and
Catonella have been shown to increase in PD compared with periodontally
healthy patients (Griffen et al., 2012, Abusleme et al., 2013), and our data
suggest that whilst reduced, these genera do persist and highly associate with
one another following NSPT.
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Figure 3.20. Genus-level association networks. Associations between abundant genera
at baseline (A) and day-90 (B) based on correlation circle plots derived from principal
component analysis. Only associations <-0.4 (negative associations) and >0.4 (positive
associations) are shown.
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Figure 3.21. Species-level association networks. Association networks between
abundant genera at baseline (A) and day-90 (B) based on correlation circle plots derived
from principal component analysis. Only associations <-0.4 (negative associations) and
>0.4 (positive associations) are shown.
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3.3.4. Is the microbiome associated with treatment response?
Throughout this chapter thus far, the local microbial and inflammatory
alterations following NSPT have been evaluated in 42 patients. Although
widespread clinical improvement was recorded, there remained some degree of
heterogeneity in the extent of the clinical response. The ability to identify
patients with a poor response to NSPT at an early stage and modify their
treatment plan accordingly could be hugely beneficial for patients, as this may
allow incorporation of more regular maintenance visits and/or additional
treatment adjuncts. Such targeted, precision medicine-type additions to
periodontology carries potential to improve the overall standard of care.

3.3.4.1. Classifying patients site-specific treatment response
As previously described (section 2.3.2.3), several criteria have been employed
by previous studies to evaluate treatment success in PD patients. Most of these
have focussed on full-mouth parameters normally involving varying cut-offs for
residual ‘deep’ periodontal pockets (≥4 mm or ≥5 mm) to investigate the
relationship between different inflammatory or microbial biomarkers with
treatment response. From a microbial perspective, subgingival plaque is often
collected from a single periodontal pocket, as was the case in the current study.
Therefore, the microbiota under study is that of a specific subgingival
microenvironment, and whilst there may be some degree of overlap, classifying
patients based on full-mouth parameters may not truly capture this site-level
clinical change.
As an exploratory investigation into whether the baseline subgingival plaque
microbiota may associate with treatment response, patients were split
depending on whether the outcome of ‘pocket closure’ was achieved in sampled
sites. Pocket closure is defined as the conversion of a periodontal site measuring
≥5 mm to a site measuring ≤4 mm and is a clinically meaningful threshold which
determines the need for further active treatment (Badersten et al., 1984, Suvan
et al., 2019). Sites <5 mm were unavoidably sampled in two patients at baseline,
and these patients were excluded from this current exploratory analysis. Of the
sites evaluated (n=40), 21 sites achieved pocket closure at day 90 and were
termed ‘responding’, whilst 19 sites did not and were termed ‘non-responding’.
Comparing patients from which responding and non-responding sites were
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sampled, there were no differences in baseline demographic (age, sex), clinical
(site PPD, CAL and number of teeth) or behavioural (smoking) variables (table
3.6). Trends were observed in which the number of treatment visits appeared
slightly higher for those with responding sites (p=0.08), and molar distribution
appeared higher in the non-responding group (p=0.06) – both of which must be
considered when interpreting the data.

Table 3.6. Demographic, behavioural and clinical variables according to whether pocket
closure was achieved in sites selected for subgingival plaque sampling. Data are
presented as median (25th, 75th percentile) or n (%) at baseline.
Site-specific pocket closure
Variable

p-value
(NR vs. R)

Non-responding
(n=19)

Responding
(n=21)

Age in years

47.00
(39.00, 57.00)

52.00
(40.50, 62.50)

0.19†

Sex: Male, female
(n, %)

4 (21.1%), 15 (78.9%)

7 (33.3%), 14 (66.7%)

0.49‡

Smoking: Never,
former, current (n, %)

7 (36.8%), 6 (31.6%),
6 (31.6%)

8 (38.1%), 9 (42.9%),
4 (19.0%)

0.62#

Treatment visits
(median, range)

3.00 (1.00 – 6.00)

4.00 (2.00 – 6.00)

0.08†

Number of teeth

27.00
(26.00 – 29.00)

27.00
(24.00 – 28.00)

0.54†

Molar, non-molar
(sampled sites)

12 (66.7%), 7 (33.3%)

6 (33.3%), 15 (66.7%)

0.06‡

Statistics refer to unpaired t-test (†), Fisher’s exact test (‡) or Chi-squared analysis (#).
NR: Non-responding, R: Responding.
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3.3.4.2. Clinical differences according to treatment response
When evaluating treatment response, it is important to establish whether
‘responding’ and ‘non-responding’ sites displayed similar levels of disease
severity at baseline. To rule out the possibility that non-responding sites simply
started with higher disease severity, site-specific PPD and CAL were assessed.
Both variables followed a normal distribution at each timepoint, and were
compared between groups at day 90, adjusting for baseline levels using a GLM
(figure 3.22A,B). This analysis demonstrated significantly greater clinical
improvement in responding compared with non-responding sites for both PPD
and CAL (p<0.001 for both), irrespective of baseline disease. Importantly,
longitudinal analysis showed significant reductions in both PPD and CAL for both
groups (p<0.001 for both). Thus, even non-responding sites did display
significant, albeit less pronounced, clinical improvement following treatment.
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Figure 3.22. Clinical response of sampled sites. PPD (A) and CAL (B) of sampled sites at
baseline and day 90 in responding (n=21) and non-responding (n=19) sites. Dotted black
line indicates 5 mm. Between group comparisons refer to a GLM comparing day 90
variables adjusted for baseline PPD and CAL (***p<0.001), within-group comparisons
refer to paired t-tests (†p<0.001), graphs display mean ± standard deviation.
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3.3.4.3. Evaluating the microbiota between groups
To evaluate whether the baseline subgingival plaque microbiota was associated
with treatment response, α-diversity indices (Shannon, ACE) were compared
between groups at each timepoint. It has been suggested that the diversity of
the subgingival plaque may positively correlate with treatment response when
utilising full-mouth CAL as an indicator of clinical improvement (Bizzarro et al.,
2016). In the current study, no differences in α-diversity were observed between
responding and non-responding sites at baseline or day 90 (figure 3.23A,B). Each
group showed a reduction in both indices following treatment, matching with
reductions observed across the entire cohort.
Analysis of β-diversity yielded similar results. Genus- and species-level BrayCurtis PCoAs were constructed at baseline and day 90 to compare the overall
microbial composition between each group (figure 3.24A-D). The corresponding
ANOSIM suggested no differences between groups at baseline (p=0.77 genus-level
and p=0.70 species-level) or day 90 (p=0.26 genus-level, p=0.13 species-level).
This data suggests that α- and β-diversity were comparable between treatment
response groups at baseline. Surprisingly, these results were consistent at day
90, despite differing clinical profiles.
Although β-diversity is a useful technique for visualising factors which contribute
to variation in the microbiome, it is heavily influenced by large-scale variations.
Therefore, this analysis was supplemented with differential abundance testing
using univariate Mann-Whitney U tests comparing groups at each timepoint. No
alterations in the abundance of any genus or species were recorded when
comparing groups at baseline or day 90 (figure 3.25). This result remained
unchanged if the linear discriminant analysis effect size (LEfSe) method – a
commonly used approach for microbiota biomarker analysis - was employed
between groups at either timepoint (Segata et al., 2011).
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Figure 3.23. α-diversity by treatment response. Shannon (A) and ACE (B) indexes in
responding (n=21) and non-responding (n=19) sites. Analysis was performed at baseline
(BL) and day 90 (D90). Individual values shown with lines displaying mean ± standard
deviation. Between group comparisons refer to unpaired t-tests (ns: non-significant),
within-group comparisons refer to paired t-tests (†p<0.001).
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Figure 3.25. Plotting the species composition at baseline (BL) and day (D90) across treatment outcome groups. Patients were split according to
whether pocket closure was achieved (n=21) or not achieved (n=19) in sites sampled for subgingival plaque. The top 30 most abundant species are
displayed, with all others grouped together in grey as ‘Others’.
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3.3.4.4. Colour complexes as markers of treatment response
While a large advantage of the current study was the incorporation of an openended technique (16S rRNA sequencing), it has been suggested that bacteria
within the subgingival plaque act as a consortium to drive disease progression.
As such, numerous studies focus solely on species within known health and
disease-associated complexes. Previous work has suggested that levels of P.
gingivalis and T. denticola, both red-complex members (Eick et al., 2017), or P.
intermedia and P. micra, two orange-complex members (Mombelli et al., 2017),
negatively predict treatment response in PD patients. Therefore, the
conventional Socransky colour complexes and the more recent diseaseassociated group outlined by Perez-Chaparro were compared at baseline and day
90 (Socransky et al., 1998, Pérez-Chaparro et al., 2014).
From this analysis, it was hypothesised that an elevated abundance of disease
associated species at baseline may be capable of differentiating clinical
response groups. However, no differences were observed for any microbial
complex at baseline (all p>0.05, Mann-Whitney U test, figure 3.26A,B), which
remained consistent following treatment (figure 3.26C,D). As expected,
disease-associated species only equated to a minimal proportion of the day 90
microbiota within both groups and no differences were observed between
groups. Other complexes (blue, yellow) were present in far higher abundances
after treatment, although no significant alterations were observed in the blue
(R[3.14%] vs. NR[8.07%], p=0.59) or yellow-complex (R[14.00%] vs. NR[16.67%],
p=0.59). Collectively, this pilot exploratory analysis suggests that the baseline
subgingival plaque microbiota was unable to differentiate responding and nonresponding sites either prior to, or following, NSPT.
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Figure 3.26. Grouped complexes in treatment response groups. Graphs display the
median abundance of different bacterial complexes associated with health and disease
between responding (n=21) and non-responding (n=19) sites. Displaying the median
abundance of complexes identified by 1Socransky et al. and 2Perez-Chaparro et al. at
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3.3.4.5. Microbiota similarity between treatment success groups
No individual feature of the subgingival plaque microbiome was associated with
the clinical response of sampled sites. Previous work has suggested that interpatient variation in the subgingival plaque microbiota may mask consistent
alterations following treatment, or compositional differences between groups of
patients (Schwarzberg et al., 2014). Although consistent alterations following
treatment were observed in the current study, this variation may potentially
have a larger impact on this subgroup analysis with smaller sample sizes.
To overcome this issue, Bray-Curtis similarity was computed for every patient.
This metric compares the similarity of each day 90 sample with the
corresponding baseline sample and is the basis of PCoA analysis described
previously (comparing between sites). Similar analysis has been applied to the
salivary microbiome to delineate microbial markers of treatment response
(Greenwood et al., 2020). Based on this analysis, it was hypothesised that
samples collected from non-responding sites would be more resilient to
largescale alterations and thus may display a post-treatment microbiome with a
higher similarity to baseline, irrespective of inter-patient variation in exact
compositions.
Both responding and non-responding sites displayed comparable genus- and
species-level similarity with baseline (figure 3.27A-B, p=0.79 and p=0.77, MannWhitney U test), with large variations in each group. For example, species-level
Bray-Curtis similarity values ranged from 0.20 to 0.61 in non-responding sites,
and from 0.09 to 0.68 in responding sites. Therefore, some sites with minimal
clinical improvement underwent large microbial alterations following treatment,
whereas other sites with large clinical improvement displayed a microbiome
more similar with baseline.
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Figure 3.27. Bray-Curtis similarity of day 90 samples with paired baseline samples in
responding and non-responding sites. Similarity was calculated at genus- (A) and
species-level using the inverted Bray-Curtis index, where a value of 1 is the highest
similarity and 0 is the lowest similarity with baseline. Statistics refer to Mann-Whitney U
test, ns: non-significant. NR: Non-responding, R: Responding.
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3.3.5. Are salivary cytokines associated with treatment response?
Much attention has been paid to the utilisation of subgingival plaque bacteria as
prognostic markers of treatment response, however the extrapolation of any
subgingival microbial marker to full-mouth level on a large-scale represents a
difficult technical and analytical challenge. Additionally, our data suggest that
the baseline subgingival plaque microbiome is not associated with the clinical
response to NSPT within the limitations of the current analysis. In contrast to
subgingival plaque, saliva can be easily collected and analysed using highthroughput assays, making it a much more suitable sample type for clinical
diagnostic and/or risk assessment purposes. Throughout this chapter, salivary IL1β showed positive associations with periodontal clinical parameters and a link
between salivary IL-1β and treatment response has also been previously reported
(Lee et al., 2018). Therefore, this exploratory analysis aimed to expand upon
previous work and explore the associations between salivary IL-1β and treatment
outcome. Additionally, other commonly assessed cytokines (TNFα, IL-6, IL-8, IL17A) were investigated. It was hypothesised that patients who respond poorly to
treatment may exhibit a differing salivary cytokine profile from those with a
high treatment response at baseline, and thus salivary cytokines may be
employed prognostically.

3.3.5.1. Classifying full-mouth treatment response
Salivary cytokines are thought to reflect the full-mouth inflammatory status
(Jaedicke et al., 2016, Taylor, 2014), which is supported by earlier results in this
chapter. Therefore, it is possible to assess treatment response using full-mouth
clinical variables and form a more accurate clinical profile in comparison with
site-specific values used for subgingival plaque analysis. To assess full-mouth
treatment response, PISA was selected as an appropriate clinical indicator given
the association with other periodontal parameters and local inflammatory
markers observed within chapter 2, and the nature of cytokines in saliva
samples. In order to accurately classify patients and ensure a similar level of
baseline disease severity, only patients with PISA scores commensurate with at
least moderate PD (baseline PISA >521.58 mm2, n=36) using previously published
thresholds were included (Leira et al., 2018). Inclusion of patients with
moderate to severe disease has been previously utilised in studies assessing
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periodontal treatment success (Eick et al., 2017), and excludes bias introduced
by patients with lower starting levels of disease severity. In the current study, 6
patients did not meet this PISA threshold and were excluded from this analysis.
The remaining 36 patients were classified into high and low treatment response
using median percentage PISA improvement (88.67%). Patients with a percentage
improvement <median were termed low responders (n=18), and >median termed
high responders (n=18). Low responders had PISA improvement scores of 75.90%,
compared with 93.10% in the high responders. No differences in the age, sex,
smoking status or number of teeth were observed between each group at
baseline (table 3.7).

Table 3.7. Demographic, behavioural and clinical variables at baseline according to
treatment response (determined by PISA improvement). Data are presented as median
(25th, 75th percentile) or n (%). N=36.
PISA improvement
Variable

p-value

(Low vs. High)

Low (n=18)

High (n=18)

Age in years

47.00
(39.00, 57.00)

51.00
(37.75, 63.25)

0.38†

Sex: Male, female
(n, %)

7 (38.9%), 11 (61.1%)

5 (27.8%), 13 (72.2%)

0.72‡

Smoking: Never,
former, current (n, %)

6 (33.3%),
9 (50%), 3 (16.7%)

8 (44.4%),
6 (33.3%), 4 (22.2%)

0.59#

Treatment visits
(median, range)

4.00
(2.00 – 6.00)

3.00
(1.00 – 6.00)

0.13†

Number of teeth

27.00
(26.00, 28.25)

26.50
(23.00, 28.00)

0.34†

Statistics refer to unpaired t-test (†), Fisher’s exact test (‡) or Chi-squared analysis (#).
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3.3.5.2. Full-mouth clinical parameters between groups
Full-mouth clinical parameters were compared between groups to confirm the
classification of ‘high’ and ‘low’ response to treatment. This analysis was
performed at day 90 using GLMs to adjust for the baseline level of each variable.
Both CAL and PPD displayed normal distribution upon visual inspection of
histograms and were directly compared, whereas FMPS, FMBS, pockets ≥5mm
and PISA were initially ln-transformed and shown to follow a ln-normal
distribution.
Nearly all full-mouth parameters were significantly lower at day 90 within the
‘high-response’ group when adjusting for baseline disease severity. As expected,
PISA displayed highly significant differences between groups (p<0.001 for both,
GLM), indicating higher levels of residual inflammation in the ‘low response’
group following treatment (table 3.8). An important finding was that these
clinical differences were not limited to PISA, with significant differences
observed between groups for FMBS, PPD and pockets ≥5 mm (all p<0.05, GLM).
Whilst no significant finding was observed between groups for FMPS, a trend was
observed with higher median FMPS observed for ‘low-responders’ at day 90
(p=0.085, GLM). In contrast, CAL was remarkably similar between groups at day
90 and showed no significant differences when adjusting for baseline (p=0.94,
GLM). These data are unsurprising given that both FMPS and CAL showed the
weakest associations with PISA within chapter 2. Despite this, significant
differences between groups for PISA, FMBS, PPD and pockets ≥5 mm support the
use of percentage PISA improvement as an appropriate indictor of full-mouth
treatment response.
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Table 3.8. Comparing full-mouth clinical parameters at baseline and day 90 according
to treatment response (determined by PISA improvement). Data are presented as
median (25th, 75th percentile). N=36.
PISA improvement
Variable

Timepoint

Low
(n=18)

High
(n=18)

Baseline

72.50
(62.25, 74.25)

71.50
(49.25, 80.25)

Day 90

17.50
(9.75, 37.50)

12.00
(7.75, 16.25)

Baseline

68.50
(46.50, 81.75)

64.50
(38.25, 74.75)

Day 90

16.50
(13.25, 26.25)

4.50
(2.75, 8.00)

Baseline

4.50
(3.93, 5.32)

4.38
(3.73, 5.41)

Day 90

3.73
(3.18, 4.33)

3.72
(3.34, 4.28)

Baseline

3.70
(3.42, 4.36)

3.74
(3.17, 4.20)

Day 90

2.95
(2.77, 3.31)

2.67
(2.39, 2.87)

Baseline

32.50
(22.00, 47.25)

29.00
(18.50, 40.75)

Day 90

11.00
(9.00, 23.00)

7.50
(4.75, 10.00)

Baseline

1301.00
(1074.00, 1912.00)

1327.00
(830.20, 1687.00)

Day 90

334.50
(171.90, 564.70)

67.05
(42.30, 101.40)

FMPS (%)

FMBS (%)

CAL (mm)

PPD (mm)

Pockets ≥5 mm
(%)

PISA (mm2)

p-value†

(Low vs High)

0.085

<0.001

0.94

0.019

0.017

<0.001

† General linear model adjusting for baseline levels of each variable. FMPS, FMBS,
Pockets ≥5 mm and PISA were ln transformed. FMPS; full-mouth plaque score, FMBS;
full-mouth bleeding score, CAL; clinical attachment level, PPD; periodontal probing
pocket depth, Pockets ≥5mm; percentage of pockets ≥5mm, PISA; periodontal inflamed
surface area.
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3.3.5.3. Receiver operating characteristic curve for salivary cytokines
To establish whether any of the five salivary cytokines evaluated in this study
were associated with treatment response, ROC curves were generated using
baseline concentrations. This method has been previously used to study the
ability of different salivary markers to discriminate between high and low
responders to NSPT (Sexton et al., 2011, Grande et al., 2020). ROC curves plot
the sensitivity (true positive rate) and 1-specificity (false positive rate) at
various cut-off values. From here, an area under the curve (AUC) is generated
ranging from 0-1, which can be used to evaluate classification accuracy
(Fawcett, 2006).
Within the current study, ROC curves were generated for all five salivary
cytokines. This was initially performed using a positive test direction, under the
hypothesis that poor responders would display higher levels of salivary cytokines
at baseline (figure 3.28A). Using this positive test direction, no salivary cytokine
was able to discriminate high from low responders at baseline, with AUC values
of 0.637 (IL-1β), 0.601 (IL-6), 0.556 (IL-8) and 0.654 (TNFα) (figure 3.28B, all
p>0.05). Unlike other cytokines, the AUC for IL-17A was surprisingly low (0.194),
suggesting that the opposite may be true, i.e. that low responders may display
lower levels of this marker at baseline.
To test this, the same ROC curves were generated with a negative test direction
(inverse analysis, figure 3.28C). Indeed, the results demonstrated that salivary
IL-17A levels were able to discriminate between the two groups at baseline. The
AUC for IL-17A under a negative test direction was the reciprocal of the positive
test direction (AUC: 0.806, 95% CI: 0.656 to 0.956, p<0.001), suggesting
moderate classification accuracy (Akobeng, 2007). Classifier evaluation metrics
indicated that a salivary IL-17A concentration of 7.44 pg/mL at baseline was the
optimum cut-off to discriminate between high and low responders, with 83.3%
sensitivity and 70.6% specificity within the current subgroup.
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Figure 3.28. Salivary cytokines as indicators of treatment response. Receiver operating
curves (ROC) for identifying poor responders to treatment using salivary cytokines with
positive (A) and negative (C) test direction. ROC performed using baseline salivary IL-6,
TNFα, IL-8, IL-17A and IL-1β as test variables. Area under the curve (AUC) values for
each variable using positive (B) and negative (D) test directions. Low responders (n=18)
and high responders (n=17).
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3.3.5.4. Comparison of IL-17A between high and low responders
To supplement ROC curves, levels of salivary IL-17A in both saliva were directly
compared between groups (figure 3.29). As expected, high-responders displayed
significantly greater salivary IL-17A at baseline when compared with lowresponders (median; 4.35 vs. 10.56 pg/mL, p=0.002, Mann-Whitney U test,
figure 3.29). Similar results were observed at day 90 with high responders
displaying significantly greater levels of salivary IL-17A (8.45 vs. 14.20 pg/mL,
p=0.009), although this cytokine showed a tendency to increase following
treatment within both groups (p=0.01 low responders, p=0.06 high responders,
Wilcoxon singed-rank test). There was no difference in the magnitude of this
increase between groups (p=0.26 comparing BL vs. D90 delta values, MannWhitney U-test). Taken together, this analysis indicates that within the
limitations of this subgroup analysis, elevated salivary IL-17A at baseline was
associated with a larger improvement in local inflammation. Separate ROC
curves were not performed on GCF cytokines as pooled samples mean they are
not reflective of site nor whole-mouth disease. Additionally, using estimate
values it is not possible to translate a clinically meaningful result from this data.
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Figure 3.29. Salivary IL-17A and the response to NSPT. Salivary IL-17A between low
(n=18) and high (n=18) responders at baseline and day 90. Dotted line indicates
optimum cut-off concentration. Between group comparisons are Mann-Whitney U tests
(**p<0.001), within-group comparisons are Wilcoxon signed-rank tests (raw p-values
displayed above day 90 values). n=37 as one patient (high responder) had limited saliva
volume.
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3.4. Discussion
This chapter evaluated local host and microbial variables in PD patients in
relation to baseline disease severity and longitudinally following NSPT. Salivary
IL-1β was positively associated with periodontal inflammation, and proportional
reductions were observed following treatment. Surprisingly, salivary and GCF IL17A increased following NSPT and higher salivary IL-17A at baseline was
associated with a better treatment response within the current cohort. In
subgingival plaque samples, NSPT induced clear and consistent reductions in the
abundance of disease associated organisms in the microbiota, which was
accompanied by reductions in overall richness and diversity. Despite this, the
current study was unable to demonstrate any association between the
microbiota and site specific treatment response.
The association between salivary IL-1β and PD is in line with previous crosssectional studies, showing higher levels of this cytokine in PD saliva compared
with periodontal health (Miller et al., 2006, Tobon-Arroyave et al., 2008, Gursoy
et al., 2009). IL-1β is one of the few salivary cytokines considered to show
robust discrimination between PD and healthy subjects (Taylor, 2014). In the
current study, it was demonstrated that the level of salivary IL-1β is associated
with the degree of periodontal disease severity at baseline. The level of IL-1β
was also shown to be reactive to clinical improvement following NSPT, which is
supported by previous studies demonstrating comparable longitudinal shifts
(Kaushik et al., 2011, Sanchez et al., 2013). Uniquely, the current study also
demonstrates that the reduction in salivary IL-1β is proportional to the reduction
in periodontal inflammation, adding further strength to the utilisation of this
cytokine as a biomarker of PD.
Commensurate with previous studies, there were no consistent trends for
salivary TNFα, IL-6 or IL-8. Previous studies have failed to establish a
relationship between salivary IL-8 and PD (Rathnayake et al., 2013) and its
association with disease is generally considered uncertain for this reason
(Taylor, 2014). In contrast, the concentrations of salivary TNFα and IL-6 were
low which is supported by vast majority of previous studies (Jaedicke et al.,
2016, Taylor, 2014). Saliva is a harsh environment for proteins, containing
bacteria and their by-products, mucins and various proteolytic enzymes. As
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such, it is possible that the low level of these mediators (TNFα and IL-6) merely
represents their inability to survive in these extreme conditions, rather than lack
of production in surrounding tissues. This is supported by in vitro work showing
that human gingival epithelial cells challenged with P. gingivalis produce highlevels of IL-1β, but not IL-6 despite increased gene-expression (Stathopoulou et
al., 2009). Within this previous study, the authors speculate that IL-1β survival
may arise as it can be secreted within vesicles (Mackenzie et al., 2001) or it’s
tertiary structure may block cleavage sites of P. gingivalis lysine gingipains.
Although P. gingivalis is unlikely to solely contribute to the values found in this
study, heightened susceptibility to degradation may explain the low levels of
salivary IL-6 and TNFα consistently observed within saliva samples.
A surprising result from this chapter was that IL-17A increased following NSPT in
both saliva and GCF samples. Primarily produced by Th17 and mast cells, IL-17A
functions in the host defence against external pathogens at mucosal surfaces
(Jin and Dong, 2013). Although this function appears co-aligned with the
pathophysiology and development of PD, the relationship between IL-17A and PD
remains elusive. Both protective and destructive effects have been reported
(Zenobia and Hajishengallis, 2015) and conflicting results found within
independent cross-sectional studies showing elevated levels in health (Ozçaka et
al., 2011, Prakasam and Srinivasan, 2014) and disease (Awang et al., 2014,
Techatanawat et al., 2020). However, all of these studies have compared
established PD with pristine periodontal health. Some studies have expanded
this analysis and stratified patients according to disease severity, which has
demonstrated that salivary IL-17A actually peaks in the early stages of disease
development and decreases in established PD (Liukkonen et al., 2016). This is
supported by earlier work assessing gingival biopsies, where IL-17A expression
was significantly higher in gingiva adjacent to 4-5 mm pockets compared with
pockets ≥6 mm (Johnson et al., 2004). In relation to the current study, day 90
samples represent a post-treatment state of stability rather than complete
periodontal health. As such, it is possible that NSPT induces a shift back to an
early inflammatory state whereby IL-17A is a driving force. This is indeed a
speculative theory, although IL-17A plays a key role in neutrophil recruitment
and survival, which is the predominant cell type in ‘initial lesions’ (Page and
Schroeder, 1976, Hajishengallis and Korostoff, 2017).
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In agreement with the shifts in salivary cytokines; GCF IL-1β reduced and IL-17A
increased following NSPT, with no alterations in the level of IL-6 or IL-8. The link
between GCF IL-1β and PD has been considered strong from a rigorous
systematic review (Buduneli and Kinane, 2011), and longitudinal increases in
GCF IL-17A have been recorded following treatment (Buduneli et al., 2009). A
limitation of the GCF analysis in this chapter is the difficulties in collecting and
processing GCF samples, meaning cytokines were standardised to the number of
eluted strips. Although it was validated that the trends remained consistent with
patients where 4 strips were eluted at each timepoint, these data remain as
estimate values for both outputs. A Periotron® unit was not available and
therefore GCF volumes could not be measured on strips. There is no gold
standard for performing analysis of GCF cytokines, and it is debated whether
these analytes should be reported as a total measured value across time, or
standardised to eluted GCF volumes (Wassall and Preshaw, 2016). Nonetheless,
measurement of GCF volume is valuable in and among itself and would be a
useful addition to future studies. The trends in GCF cytokines in the current
study match those reported previously and shifts in the same analytes were
found in saliva. However, until the collection, processing and reporting of GCF
analytes is standardised it remains difficult to establish the strength of putative
biomarkers using this sample type.
In relation to the subgingival plaque, this chapter demonstrates consistent
reductions in the richness and diversity in the microbiota following NSPT. In
contrast to typical bacterial ‘infections’ – PD differs in that development of
disease has been associated with an increase in microbial diversity (Abusleme et
al., 2013, Griffen et al., 2012, Shi et al., 2018). This elevation has been
conventionally related to an anaerobic environment induced by deep periodontal
pockets and increased nutrient availability through inflammatory infiltrate
(Marsh and Bradshaw, 1995, Tanaka et al., 1998, Loesche, 1996), supporting
growth of more fastidious microorganisms. In agreement with these findings,
there was differential abundance of 42 genera and 61 species following NSPT.
The most abundant organisms that decreased following treatment were strict
anaerobes (e.g. Fusobacterium, Prevotella, Porphyromonas, Filifactor), with
increases found typically in facultative anaerobes or aerobes (e.g.
Streptococcus, Kingella, Rothia, Actinomyces).
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In line with the polymicrobial aetiology of PD, large clusters of positively
associated anaerobes were observed at baseline. Notably, Fretibacterium and
Filifactor formed strong positive associations with one another at genus-level,
and with all three red-complex associated genera (Porphyromonas, Treponema,
Tannerella). Despite challenges in species-level classification using 16S rRNA
sequencing, our data suggest that these associations were most likely driven by
Fretibacterium feline, Fretibacterium fastidiosum and Filifactor alocis. All
three of these species have been suggested as emerging ‘periodontal pathogens’
(Pérez-Chaparro et al., 2014, Aruni et al., 2015b). Similarly, these associations
support an earlier study demonstrating that a F. alocis centred co-occurrence
group (including P. gingivalis, T. forsythia and Fretibacterium species) can be
used to accurately diagnose PD (Chen et al., 2015). Following treatment, these
associations were lost and a newly formed network was formed, including genera
that are abundant in health but increase in PD (e.g., Fusobacterium and
Prevotella) (Chen et al., 2018), along with Treponema, Alloprevotella,
Selenomonas, Parvimonas, Dialister and Catonella. Whether this group of
organisms may persist to drive future disease recurrence longer term (>3
months) remains unclear and requires a longer study period with routine
microbiological monitoring.
Longitudinal shifts in the subgingival plaque microbiome have been previously
reported following NSPT, confirming the reductions in the abundance of
previously ungrouped and uncategorised genera such as Dialister and Olsenella,
and elevations in Rothia and Corynebacterium (Shi et al., 2015, Chen et al.,
2018). However, far more alterations were observed within the current study
compared with those conducted previously. Within the study by Shi et al., an
increase in the abundance of 4 genera and a reduction in the abundance of 8
genera were observed across 12 patients. The study by Chen et al. included 19
patients and observed a large patient-to-patient variation in microbial
outcomes. Differences in sample size and follow-up periods may explain why this
study observed far larger microbial alterations. In previous studies, subgingival
plaque was resampled at 4 to 19 weeks (Shi et al., 2015), or at least 4 weeks
after NSPT (Chen et al., 2018). The lack of a standardised follow-up period may
influence the stage of biofilm redevelopment and thus composition. In the
current study subgingival plaque was resampled at 90 days (±14 days) across
every patient, which is a recommended clinical follow-up period (Darcey and
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Ashley, 2011). Collectively, a larger cohort and a more standardised follow-up
period may explain why a greater number of microbial alterations were
observed. Additionally it is worth reiterating that whilst several longitudinal
alterations were observed, large compositional differences between timepoints
were driven by relatively few (Prevotella, Fusobacterium, Selenomonas,
Porphyromonas, Treponema, Tannerella, Rothia, Corynebacterium, Actinomyces
and Streptococcus).
Interestingly, in spite of the marked changes in the microbiome following
treatment, this study did not find an association between the microbiota and
treatment response. Two previous studies have evaluated the subgingival plaque
microbiome with respect to treatment response following NSPT (Bizzarro et al.,
2016, Chen et al., 2018). Each study has reported differing results, with Bizzarro
et al., suggesting that lower taxonomic diversity and increased abundance of
non-oral taxa (Pseudomonas) at baseline is associated with poor treatment
response, whilst Chen et al., found that the microbial response was not
associated with clinical improvement. The findings from the current study agree
with the latter, although inherent differences in sample collection, study design
and clinical success criteria were present. In both previous studies, subgingival
plaque was collected using paper points and pooled from various sites, compared
with the single-site analysis using curettes in the current study. Differing sample
collection methods may impact on biofilm composition and it has been suggested
that curettes sample contents of the entire pocket, whereas paper points reflect
the outer layers of the biofilm (Loomer, 2004, Perez-Chaparro et al., 2015).
Differences in response classification were also present with Bizzarro et al.,
employing median full-mouth CAL improvement as an indicator of clinical
success at 12 month follow-up, compared with site-specific PPD, CAL and BoP by
Chen et al., at >4 week follow-up, and site-specific pocket closure at 3 month
follow-up in the current study. A collection of these factors may therefore
explain differences in observed results, and there is a desperate need to
standardise treatment success criteria in periodontology.
One restriction within the current study is that sites were selected based on
disease severity rather than location. This meant that responding and nonresponding groups contained samples originating from both molars and nonmolars. Although it was confirmed that sampled site morphology did not alter
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the baseline microbial composition, it has been suggested that molar sites may
respond worse to NSPT in general and this should be considered (Citterio et al.,
2021). Nonetheless, sites ≥5 mm are considered ‘diseased’ and are associated
with future disease progression regardless of tooth morphology. In addition,
standardising this site selection can be challenging, particularly when a
predefined site will not be the most severe in the mouth or may not be suitable
for repeated sampling. It should be reiterated that the non-responding group
also displayed significant, albeit less pronounced, clinical improvement following
treatment. To this extent, the incorporation of sites which do not improve at
all, or even worsen, following NSPT would be useful to establish the relationship
between the baseline subgingival plaque microbiota and treatment response.
Given the small sample size of the current exploratory analysis, it was
investigated whether aspects of the microbiome merely associate with a poor
treatment response. In reality, far more complex prediction methods may be
applied which could be better suited for this analysis. One example are machine
learning approaches such as the random forest technique, which have been used
to predict clinical phenotypes based on the microbiome (Zhou and Gallins,
2019). These methods could be applied at baseline with a known day 90 clinical
outcome, to determine whether certain features may truly ‘predict’ (rather than
associate with) response to treatment. However, such techniques require
extremely large sample sizes to prevent data overfitting which are seldom
available from single studies. There has recently been a call for the
development of an international repository for oral microbiome data, and such
an effort would greatly improve the applicability of prediction modelling of
treatment response (Seneviratne et al., 2020).
From an inflammatory perspective, baseline levels of salivary IL-17A were able
to differentiate between high and low responders with moderate sensitivity and
specificity, using median PISA improvement as a threshold for treatment
success. This threshold was not limited to improvement in PISA and reflected
reduced levels of several clinical parameters (PPD, FMBS, pockets ≥5 mm),
forming a better picture of total clinical response. The results for salivary IL-17A
imply that higher baseline levels are associated with a higher response to NSPT
and provides pilot data for a more rigorous investigation which is wholly
required. This finding is intriguing because whilst IL-17A drives bone destruction
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in RA via stimulating osteoclastogenesis (Kotake et al., 1999, Sato et al., 2006),
mouse models indicate that IL-17A actually plays a protective role in PD via
neutrophil recruitment and regulation (Yu et al., 2007).
The current study merely highlights a potential association between elevated
salivary IL-17A at baseline and enhanced response to NSPT. The reason for this
association is unclear – although a very speculative theory may be that elevated
IL-17A reflects an immunological state closer to healthy subjects, and thus the
inflammatory response may be more readily resolved in this cohort. As such,
future work could seek to characterise salivary IL-17A in patients with long-term
disease recurrence. The lack of association between salivary IL-1β and clinical
outcome is contrary to previous work (Lee et al., 2018), but is perhaps
unsurprising given that this marker was associated with baseline inflammation
which was standardised in this subgroup analysis.
Including those mentioned thus far, this chapter has several limitations which
must be stated. One of which is the lack of a periodontally healthy control
population for comparison with post-treatment samples. Although reductions in
disease-associated microbial and immunological variables were assessed, it
should be further evaluated whether these resort back to a state comparable
with periodontally healthy individuals. Additionally, whilst an open-ended
technique was used for microbial analysis, only a small number of saliva/GCF
cytokines were assessed. Considering these data, it would be useful to assess
additional cytokines such as IL-23 considering its relationship with IL-17A
production, along with other non-cytokines such as MMP-8 and -9 which have
been established as robust salivary biomarkers in PD (Taylor, 2014). In a similar
sense, GCF was not sampled from the same sites as subgingival plaque samples,
and this should be considered moving forward to delineate accurate site-specific
host-microbial relationships following NSPT.
Additionally, whilst 16S rRNA sequencing is the most widely used technique for
profiling microbiome communities, it is not devoid of disadvantages. A major
pitfall of fragment 16S rRNA sequencing is the reduced accuracy in classifying
and discriminating at species-level (Do et al., 2013, Wade and Prosdocimi,
2020), and inability to accurately assess important low-abundant organisms (De
Cena et al., 2021). Moreover, this technique only outlines the relative
abundance genera/species, rather than their quantity or function. Moving
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forward, metagenomic studies will help to overcome these issues particularly as
shotgun sequencing becomes more accessible and affordable. Although at
present, the cost and complexity of this sequencing is simply out with the scope
of many research projects. Lastly, the oral cavity harbours a diverse range of
microorganisms including fungi and archaea which were not assessed during this
study. Integrating these communities into future studies would be beneficial to
understand whether interkingdom interactions (such as generation of anoxic
conditions by fungal species) may contribute to the pathogenesis of PD.
In conclusion, this chapter outlines alterations in local inflammatory cytokines
and the subgingival plaque microbiota. These findings lend further credence to
the use of salivary IL-1β as a sensitive biomarker of PD, positively associating
with periodontal inflammation and reducing following treatment. Whilst the
abundance of disease-associated organisms was reduced within the subgingival
plaque, a tightly clustered network of anaerobic genera persisted. Entirely
removing such organisms from the microbiome is unlikely with any treatment
and the importance of residual disease-associated organisms must be critically
evaluated. The baseline microbiota was unable to discriminate sites with
residual disease at day 90, and widespread microbial alterations were observed
in some patients regardless of clinical improvement. Baseline salivary IL-17A was
able to discriminate high and low responders within the current cohort, and
future work should be directed towards understanding the role of IL-17A in
health and disease.
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3.5. Chapter summary
This chapter demonstrates lasting immunological and microbiological shifts in PD
patients following NSPT. The association of these variables with clinical disease
severity and response to treatment was also investigated, although the
exploratory nature of this analysis must be reiterated. Moving forward, the data
presented may be used to power future studies and delineate true effects.
The main findings from this chapter are highlighted below.
Salivary and GCF cytokines;
•

Salivary IL-1β positively associates with PISA at baseline, and proportional
reductions were observed following treatment.

•

Salivary and GCF IL-17A increased following treatment, potentially indicating
reversal to an early inflammatory state.

•

PISA offers a promising clinical parameter for indicating whole-mouth clinical
response.

•

Exploratory analysis suggested high baseline salivary IL-17A was associated
with an elevated response to treatment within the current cohort.

Subgingival plaque microbiome;
•

The taxonomic diversity of subgingival plaque samples was reduced following
treatment.

•

Treatment induced consistent alterations in the relative abundance of 42
genera and 61 species, including a reduction in disease-associated microbial
complexes.

•

Exploratory analysis did not find any association between the baseline
subgingival plaque microbiome and site specific pocket closure.

•

Widespread microbial alterations were observed in some patients regardless
of the degree of clinical improvement.
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Chapter 4
The systemic inflammatory response
following hand versus ultrasonic
instrumentation – A randomised
controlled trial
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Work from this chapter has been presented at the following meetings;
‘Analysing the immune response and plaque microbiome after periodontal
treatment’ by W. Johnston. Invited guest lecture presented at the Rajiv Gandhi
University of Health Sciences, Bengaluru, India. Oral Microbiome Symposium,
March 2021. Virtual lecture.
Work from this chapter has been published in the following journal;
Johnston, W., Paterson, M., Piela, K., Davison, E., Simpson, A., Goulding, M.,
Ramage, G., Sherriff, A. and Culshaw, S. ‘The systemic inflammatory response
following hand instrumentation versus ultrasonic instrumentation—A randomized
controlled trial’. Journal of Clinical Periodontology. 2020; 47: 1087– 1097.
https://doi.org/10.1111/jcpe.13342
Manuscript included as appendix iii
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4.1. Introduction
The majority of longitudinal studies in periodontology focus on investigating
clinical and biological parameters at a single follow-up timepoint such as 3, 6 or
12 months. Whilst such studies provide a crucial insight into lasting alterations
induced by NSPT, they may miss important fluctuations in these variables
between patient visits. Indeed, studies investigating the immediate impacts of
NSPT have revealed an acute ‘spike’ in systemic inflammatory markers, notably
CRP, 1 day following intensive/full mouth treatment (D'aiuto et al., 2004a,
Tonetti et al., 2007, Graziani et al., 2010, Graziani et al., 2015, Morozumi et
al., 2018). This response persists for up to one week and has been shown to
induce an acute state of vascular impairment, with possible elevated risk of
vascular events (Tonetti et al., 2007). Indeed, acute systemic inflammation as
observed with urinary tract or respiratory infections may triple a patients risk of
vascular events (Smeeth et al., 2004). In otherwise healthy patients this
response is presumably self-limiting; however, in medically compromised
patients, for example with pre-existing vascular disease, such perturbation to
systemic homeostasis may carry a greater risk to overall health.
This response is believed to be driven by bacteraemia induced via treatment. In
line with this theory, bacteraemia has been observed immediately following
NSPT and persists for up to 30 minutes (Kinane et al., 2005, Forner et al., 2006,
Lafaurie et al., 2007, Horliana et al., 2014). Dissemination of local microbes into
circulation may therefore stimulate rapid increase in the level of serum CRP, IL6 and TNFα at day 1 (Graziani et al., 2010, Graziani et al., 2015). Whilst this
response is short lived and typically resolves within 7 days (Tonetti et al., 2007,
Machado et al., 2021), a recent joint consensus statement from the EFP and AAP
advised that for patients with any level of CVD, NSPT should be performed over
several 30-45 minute sessions to specifically minimise this spike in systemic
inflammation (Sanz et al., 2020).
Several variations of NSPT exist and there is evidence that the subsequent
systemic inflammatory response can be modified according to the treatment
protocol. For example, treatment may be performed using hand instruments,
ultrasonic instruments, or a ‘blended approach’ using both. Likewise, treatment
may be staged over several visits with a ‘quadrant’ approach, or with a ‘full180

mouth debridement’ (FMD) approach, also referred to as ‘intensive treatment’,
that delivers complete debridement within a 24 hour period. The choice of
instrumentation and visit scheduling falls largely down to patient and clinician
preference, with no differences in clinical outcome (Kinane and
Papageorgakopoulos, 2008, Ioannou et al., 2009, Suvan et al., 2019). However, it
has been shown that there is a marked increase in the systemic inflammatory
response following FMD. Specifically, FMD has been shown to trigger a
significantly greater spike in serum CRP, IL-6 and TNFα at day 1 compared with
quadrant scaling (Graziani et al., 2015). Furthermore, the extent of this
response was positively correlated with treatment time, suggesting that the
length of treatment sessions directly impacts the subsequent systemic response.
Studies investigating the systemic inflammatory response generally report use of
both hand and ultrasonic instruments in combination. Although clinical outcomes
are similar, several studies report lower treatment times using ultrasonic
instruments in comparison with hand instruments (Copulos et al., 1993, Dragoo,
1992, Tunkel et al., 2002). Given the previous link between treatment time and
the subsequent systemic inflammatory response, and the different features of
each instrumentation technique including delivery of water irrigation and the
reduction in cementum removal with ultrasonics (Ruhling et al., 2005, Bozbay et
al., 2018), an RCT was designed to test whether hand and ultrasonic instruments
may differ in the extent of systemic inflammation they induce following FMD.
Secondary outcomes included assessing differences in the local inflammatory
response and clinical outcomes between instrumentation groups. The research
questions for this chapter are as follows;
•

Is there a difference in the immediate systemic inflammatory response – as
measured by elevations in serum CRP - following FMD performed with hand
versus ultrasonic instrumentation?

•

Is there a difference in clinical outcomes following FMD performed with hand
versus ultrasonic instrumentation?

•

Is the systemic inflammatory response following FMD associated with
alterations in local inflammatory mediators?
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4.2. Materials and methods
4.2.1. Study overview
The RCT analysed throughout this chapter; “The Immune Response After
Periodontal Treatment (IRAPT)” was designed to measure systemic inflammatory
changes following FMD conducted using hand instrumentation (HI) or ultrasonic
instrumentation (UI). The study recruited patients between February 2018 and
June 2019 and was a single-centre trial (Glasgow Dental Hospital).
The PICO question that the IRAPT trial aimed to answer was; ‘For patients with
periodontitis (problem/population), following full-mouth debridement
(intervention), is there a difference in systemic inflammatory markers (outcome)
comparing treatment provided exclusively by hand instruments or exclusively by
ultrasonic instruments (comparison)?’

4.2.2. Patient selection and recruitment
4.2.2.1. Ethical considerations and registration
The study received ethical approval from the Office for Research Ethics
Committees Northern Ireland (REC reference number: 18/NI/0059) and was
conducted in accordance with the Declaration of Helsinki (7th revision, 2013) and
the Research Governance Framework for Health and Community Care (2nd
edition, 2006). The trial was registered with ClinicalTrials.gov (ID: NCT03501316)
prior to patient recruitment.

4.2.2.2. Patient recruitment
Before attending Glasgow Dental Hospital, all patients received initial
periodontal treatment and oral hygiene instruction from their general dental
practitioner (GDP), as per local referral guidelines. Patients were recruited
among referrals to Glasgow Dental Hospital Unit of Periodontics. Patients
attending new patient clinics were screened by the chief investigator (Professor
Shauna Culshaw) or other clinician responsible for the patient to establish
eligibility. Eligible patients were informed of the study and supplied with a PIL.
If patients indicated they would consider participation in the study, they were
scheduled for a baseline visit in Glasgow Dental Hospital Clinical Research
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Facility. In total, 42 patients were recruited to this study. Throughout the study,
one patient was excluded due to a new diagnosis of systemic disease (n=1), and
two were excluded at the discretion of the CI due to repeated fainting at the
baseline visit venepuncture (n=2).

4.2.2.3. Inclusion and exclusion criteria
The inclusion criteria for this study were; male or females aged between 18 and
70 years old (inclusive) suffering from PD, defined as PPD ≥5 mm on 2 or more
teeth at non-adjacent sites (excluding third molars) with cumulative pocket
depths ≥40 mm. Cumulative pocket depth was calculated by evaluating 6-sites
on each tooth, if the deepest site on each tooth was ≥5 mm, then this was
counted towards the cumulative total. Each tooth was only counted once
towards the final total. These criteria have been previously used to ensure an
adequate baseline level of periodontal disease severity in clinical trials (Page
and Eke, 2007, Dietrich et al., 2008, Serban et al., 2019, Lopez-Oliva Santa
Cruz, 2018). Additional inclusion criteria included patients who required
periodontal treatment at Glasgow Dental Hospital, were able to travel and
attend all study visits and provide written informed consent.
Exclusion criteria were; known or suspected risk for tuberculosis, hepatitis B or
HIV infections, require an interpreter or non-English language in order to provide
written, informed consent, history of bleeding diathesis, pregnant or lactating
females, reported diagnosis of any systemic illness (including cardiovascular,
renal and liver diseases) and/or use of regular medication to control systemic
illness, any pharmacological treatment within 1-month prior to beginning the
study (including over the counter medications) and any specialist periodontal
treatment in the previous 6 months.

4.2.2.4. Calibration of examiners
For this study, periodontal parameters were assessed by three trained clinicians.
This included an experienced dental hygienist, a specialist trainee in restorative
dentistry and a consultant periodontist. To calibrate examiners, pairs of
clinicians completed pocket charts on the first twelve patients entering the
study. Following completion, charts were assessed for agreement between all
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three examiners and an unweighted Kappa (κ) coefficient was calculated
equalling 0.66.

4.2.2.5. Measurement of clinical parameters
Clinical parameters were assessed at baseline and day 90. This included
measurement of FMPS, FMBS and a 6-point pocket chart using a PCP-12
periodontal probe, as described previously in this thesis (section 2.2.3).

4.2.3. Randomisation
Patients were randomised to one of two groups; UI or HI, using a computerised
random number generator with permuted blocks of 4 and 6. Patients were
stratified according to smoking status prior to randomisation. Allocation
concealment was achieved using opaque sequentially numbered envelopes
containing the treatment group of each patient, which was opened immediately
before commencing treatment.

4.2.4. Blinding
Both patients and clinicians remained blinded to the intervention until the
treatment visit. Other personnel involved in the trial (laboratory and statistical
staff) remained blinded to the group allocation throughout the entire study
through the use of pseudo-anonymised patient barcodes. The key linking the
codes to patients and treatment groups was only available to the chief
investigator and were made available only once all analyses were complete.

4.2.5. Study outcomes
The primary outcome from this study was serum CRP levels at day 1 post
treatment. Secondary outcomes included serum IL-6 and TNFα, clinical
parameters, saliva and GCF cytokine analysis and microbiome analysis of
subgingival plaque samples at baseline, day 1, 7 and 90 where appropriate.
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4.2.6. Sample size calculation
The sample size calculation was based on data from a previous study evaluating
changes in serum CRP 1 day following periodontal treatment (Graziani et al.,
2015). From this previous study, a difference of 3.5 mg/L (standard deviation = 3
mg/L) in CRP was detected between two groups (quadrant vs. FMD) at day 1,
which has been considered clinically relevant in recent guidelines (Sanz et al.,
2020). Therefore, this was considered a reasonable estimate of the minimum
clinically relevant difference. At 80% power and 5% significance level, a sample
size of n=34 (17 in each group) was required to detect a minimum difference of
at least 1 standard deviation between CRP levels at day 1 between HI and UI. To
account for a 20% drop-out rate, 42 eligible participants were recruited to this
study.

4.2.7. Visit scheduling
Patients participating in this study attended a baseline visit, treatment visit, day
1 post treatment visit, day 7 post treatment visit and a review visit (day 90 post
treatment). A CONSORT flow diagram of the study design, sample size and visits
is shown in figure 4.1.
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Enrollment

Assessed for eligibility and
consented to take part (n=42)
Excluded (n=3)
-New diagnosis of systemic disease
following baseline visit (n=1)
- Repeated fainting at baseline visit
venepuncture (n=2)

Study baseline visit

Randomised (n=39)

Allocated to ultrasonic instrumentation
(n=19)

Allocation

Allocated to hand instrumentation
(n=20)

Day 1, Day 7, Day 90
Lost to follow-up (n=0)
Discountinued intervention (n=1)

Follow-up

Day 1, Day 7, Day 90
Lost to follow-up (n=0)
Discountinued intervention (n=0)

- New diagnosis of systemic disease and
commenced mediciation during study period

Analysed (n=19?)
Excluded from analysis (n=1)

Analysed (n=17?)
Excluded from analysis (n=0)
?Failed to receive blood sample at day 1
(n=1) and day 90 (n=1). n=17 for day 1 and
day 90 serum inflammatory markers, n=18 for
all another analyses.

Analysis

- Excluded due to abnormally high baseline
CRP values
?Failed to receive blood sample at day 7
(n=1). n=18 for day 7 serum inflammatory
markers, n=19 for all other analyses.

Figure 4.1. CONSORT flow diagram for the IRAPT study. Blood samples were not
obtained from one patient at day 1 (UI group), one patient at day 7 (HI group) and one
patient at day 90 (UI group). Therefore, for analysis of serum inflammatory markers; at
day 1 (UI; n = 17, HI; n = 19), day 7 (UI; n = 18, HI; n = 18) and day 90 (UI; n = 17, HI; n
= 19). For all other analyses (UI; n = 18, HI; n = 19).
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4.2.7.1. Baseline visit
At the baseline visit, patients were asked if they had further considered
participating in this study. If patients agreed to participate, consent forms were
completed confirming consent to participate and for collection of clinical
samples including whole blood, serum, saliva, GCF and subgingival plaque. In
addition to sample collection, clinical parameters (FMPS, FMBS, periodontal
charting) were assessed, blood pressure was measured using an automatic
oscillometric unit, BMI was measured and smoking status was recorded.
Following sample collection, patients were provided with detailed oral hygiene
advice and superficial (supragingival) scaling of the teeth. Patients were
randomised to one of two intervention groups; UI or HI, and appointments were
made for treatment visits and subsequent follow-ups (day 1, day 7, day 90).

4.2.7.2. Treatment visit
Patients received full-mouth non-surgical periodontal treatment using either UI
or HI as per randomisation, within a 24 hour period. For the UI group; treatment
was provided using Cavitron ultrasonic inserts (Cavitron® Thinsert® 30K,
Cavitron® Slimline® 10S 30K, Cavitron® Slimline® 10L 30K, Cavitron® Slimline®
10R 30K, Cavitron® Slimline 1000 30K, Cavitron® Powerline® 1000 30K, Dentsply
Sirona). For the HI group; treatment was provided using Gracey and Universal
curettes (Gracey 1/2, Gracey 7/8, Gracey 9/10, Gracey 11/12, Gracey 13/14,
Columbia 4L-4R) and hoes (Hoe scaler-lateral, Hoe scaler-posterior, LM Dental).
All instruments used throughout this study are shown in figure 4.2.
Treatment was performed until no supra or subgingival plaque or calculus
deposits were detectable by visual examination with magnification or by tactile
examination. All treatments were timed by digital stopwatch from first contact
between instrument and tooth surface. No samples were collected during the
treatment visits. All but one patient received treatment within the same day; a
single patient completed debridement on consecutive days within a 24 hour
period due to patient availability.
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4.2.7.3. Day 1 visit
Patients returned 24 hours (± 6 hours) following treatment at which time clinical
samples (whole blood, serum, saliva, GCF and subgingival plaque) were collected
and blood pressure was measured. Following collection of samples, patients
were provided with an electric toothbrush (Oral-B Pro 2000) in order to
standardise self-performed oral hygiene over the remainder of the study, and
oral hygiene advice was provided. Clinicians verbally enquired whether patients
were happy to continue participation in the trial. If yes – a day 7 visit was
scheduled (+/- 1 day).

4.2.7.4. Day 7 visit
Patients attended a subsequent visit 7 days (+/- 1 day) after treatment. At this
visit, clinical samples (whole blood, serum, saliva, GCF and subgingival plaque)
were collected and blood pressure was measured. Clinicians recorded any
changes to medical history, plaque index and reinforced oral hygiene advice.
Clinicians verbally enquired whether patients were happy to continue
participation in the trial. If yes – a day 90 review visit was scheduled (+/- 10
days).

4.2.7.5. Day 90 visit
Patients returned 90 days (+/- 10 days) following treatment, where clinical
parameters (FMPS, FMBS, periodontal charting) and samples (whole blood,
serum, saliva, GCF and subgingival plaque) were collected. Following day 90
review, any further treatment need was evaluated by a Specialist in
Periodontology and performed out with the current study.
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Figure 4.2. Instruments used to provide treatment in each group. (A) For UI, treatment
was provided using; Cavitron® Thinsert® 30K (i), Cavitron® Slimline® 10S 30K (ii),
Cavitron® Slimline® 10L 30K (iii), Cavitron® Slimline® 10R 30K (iv), Cavitron® Slimline
1000 30K (v), Cavitron® Powerline® 1000 30K (vi) from Dentsply Sirona. For HI;
treatment was provided using; Gracey 1/2 (i), Gracey 7/8 (ii), Gracey 9/10 (iii), Gracey
11/12 (iv), Gracey 13/14 (v), Columbia 4L-4R (vi), Hoe scaler-lateral (vii) and Hoe
scaler-posterior (viii) from LM-Dental (Copyright LM-Instruments Oy). Images reused
with permission from Dentsply Sirona (A) and LM-dental (B).
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4.2.8. Study population
In total, 42 patients were recruited to the study. Throughout the course of the
study, four subjects were excluded. One patient was withdrawn due to
developing new medical diagnoses following baseline visit and two patients were
withdrawn at the request of the PI due to unexplained repeated fainting during
baseline venepuncture. One patient completed all interventions but was
excluded from analysis due to an unexplained pathologically high baseline serum
CRP level (11.97 mg/L), as outlined in figure 4.1.

4.2.9. Sample collection and processing
Serum, saliva and GCF samples were collected at baseline, day 1, day 7 and day
90 using the same collection and processing techniques described previously in
this thesis (section 2.2.4 [serum], 3.2.1.1 [saliva], 3.2.1.2 [GCF]). Clinicians
were unable to obtain blood samples from one patient in at day 1 (UI), another
at day 90 (UI), and one patient at day 7 (HI) after repeated attempts. These
patients were thus excluded from serum analysis only at these specific
timepoints (figure 4.1).

4.2.10. Analysis of serum markers
4.2.10.1. CRP, IL-6 and TNFα
Serum CRP was quantified at the British Heart Foundation Glasgow
Cardiovascular Research Centre. Levels of CRP were measured via
immunoturbidometry using the Cobas C311 analyser (Cobas, Roche Diagnostic,
Mannheim, Germany) as described previously (section 2.2.5.4). Serum IL-6 and
TNFα were both quantified using high-sensitivity ProQuantum assays
(Thermofisher, Loughborough, UK) measured on a StepOnePlus real-time PCR
system (Applied Biosystems). Full experimental details are supplied previously
(section 2.2.5.5). CRP and IL-6 were detected in all samples. TNFα was <LOD in
seven samples (2x baseline, 3x day 1, 1x day 7, 1x day 90) which were assigned
as LOD/2 for statistical analysis.
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4.2.11. Multiplex assay
Serum and saliva samples from a subset of patients (n=12) were assayed using a
Luminex™ assay. The six patients in each group with the largest CRP spike at day
1 were selected. For these experiments the ‘Human Cytokine Magnetic 30-Plex
Panel’ was used (Catalogue #: LHC6003M, Thermofisher, Loughborough, UK),
cytokines in this panel are provided in table 4.1. For the purposes of this
exploratory analysis, only samples from baseline, day 1 and day 90 were
included (no day 7 samples).
The assay was performed according to the manufacturer’s instructions.
Immediately prior to use, antibody beads were vortexed and sonicated for 30
seconds. A total of 25 µL antibody beads were then added to each well. Assay
wells were then washed twice using a wash solution provided with the kit. For
the washing procedure, 200 µL of wash solution was applied to wells for 30-60
seconds. Plates were attached to a magnetic 96-well separator, liquid was
decanted, and plates were thoroughly blotted. After washing, 50 µL of
incubation buffer was added to every well. This was followed by 100uL of
diluted standards, 100 µL of assay diluent (blank control) or 100 µL diluted
sample. Both serum and saliva samples were diluted 1:2 in assay diluent for
these experiments, all samples were initially centrifuged at 10,000 RPM (8°C)
prior to addition and had undergone a single freeze-thaw cycle. Seven standards
were included using a 3-fold dilution. After addition of standards, blanks and
samples, plates were incubated for 2 hours at room temperature under agitation
on an orbital plate shaker.
After incubation, samples were decanted, and plates washed as described
above. To detect analytes, 100 µL biotinylated antibody was added to each well
and plates were incubated for 1 hour at room temperature on an orbital plate
shaker. Plates were washed and 100 µL Streptavidin R-phycoerythrin (RPE) was
added to each well for 30 minutes on an orbital plate shaker, before being
washed three times. To read the assay results, 150 µL of wash solution was
added to each well and plates were placed on an orbital shaker for 2-3 minutes.
Results were generated on a Bio-Plex 200 analyser using 5 parameter-fit logistic
curves (BioRad, Watford, UK). Experiment conducted with Robert Reilly.
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Table 4.1. List of analytes included in the Luminex™ assay and the range of their
standard curves. Experiment conducted with Robert Reilly.
Bead
region

Standard curve
(pg/mL)

Fibroblast growth factor basic (FGF-Basic)

12

8.56 – 6240

Interleukin-1β (IL-1β)

13

9.81 – 7150

Granulocyte colony-stimulating factor (G-CSF)

14

94.46 – 68,860

Interleukin-10 (IL-10)

15

5.42 – 3950

Interleukin-13 (IL-13)

18

16.46 – 12,000

Interleukin-6 (IL-6)

19

7.89 – 5750

Interleukin-12 (IL-12)

20

10.36 – 7550

RANTES

21

11.87 – 8650

Eotaxin

22

1.88 – 1370

Interleukin-17A (IL-17A)

25

26.95 – 19,650

Macrophage inflammatory protein 1α (MIP-1α)

26

17.85 – 13,015

Granulocyte-macrophage colony-stimulating factor (GM-CSF)

27

6.86 – 5000

Macrophage inflammatory protein 1β (MIP-1β)

28

24.63 – 17,955

Monocyte chemoattractant protein 1 (MCP-1)

29

24.21 – 17,650

Interleukin-15 (IL-15)

30

59.12 – 43,100

Epidermal growth factor (EGF)

33

13.09 – 9545

Interleukin-5 (IL-5)

34

11.39 – 8300

Hepatocyte growth factor (HGF)

35

68.29 – 49,780

Vascular endothelial growth factor (VEGF)

36

0.8 – 585

Interferon-γ (IFN-γ)

38

7.13 - 5200

Interferon-α (IFN-α)

43

11.04 – 8050

Interleukin-1 receptor antagonist (IL-1RA)

51

57.46 – 41,890

Tumour necrosis factor α (TNFα)

52

8.57 – 6250

Interleukin-2 (IL-2)

54

13.31 – 9700

Interleukin-7 (IL-7)

55

13.58 - 9900

Interferon-γ induced protein 10 (IP-10)

56

0.52 – 380

Interleukin-2 receptor (IL-2R)

61

57.17 – 41,675

Monokine induced by γ (MIG)

63

25.92 – 18,895

Interleukin-4 (IL-4)

77

34.57 – 25,200

Interleukin-8 (IL-8)

78

12.21 - 8900

Analyte (abbreviation)
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4.2.12. Analysis of saliva and GCF cytokines
Five cytokines were selected for further analysis across all patients in saliva and
GCF samples: TNFα, IL-6, IL-8, IL-17A and IL-1β. The methodology for these
experiments is described in section 3.2.2 and 3.2.3 and summarised in table
3.1. For saliva samples: TNFα was <LOD in 9 samples (4x baseline, 1x day 1, 1x
day 7, 3x day 90), and IL-17A was <LOD in 15 samples (2x baseline, 6x day 1, 4x
day 7, 3x day 90). Levels of IL-6, IL-8 and IL-1β were detectable in all saliva
samples. For GCF samples: TNFα was <LOD in 32 samples (15x baseline, 2x day 1,
4x day 7, 11x day 90), IL-6 was <LOD in 1 sample (1x baseline) and IL-17A was
<LOD in 15 samples (11x baseline, 1x day 1, 1x day 7, 2x day 90). Levels of IL-8
and IL-1β were detectable in all GCF samples. Samples <LOD were assigned as
LOD/2 for statistical analysis. The level of GCF cytokines were standardised to
the number of eluted strips as described in section 3.2.6 of this thesis.

4.2.13. Statistical analysis
Raw study data were entered into SPSS (v26; IBM) using patient codes and then
analysed using SPSS or PRISM (v8; GraphPad). Graphics were produced using
PRISM. For tabulated data, outcomes are summarized using median (Q1, Q3)
where appropriate. Longitudinal changes in clinical parameters, systemic and
local analytes between baseline and the various follow-ups were assessed using
Wilcoxon signed-rank tests. For between-group comparisons, GLMs were
produced. The distribution of variables was assessed by visual inspection of
histograms. Skewed variables were ln (natural logarithm) transformed and shown
to follow a ln-normal distribution. GLMs were produced to test differences
between the two groups (UI; HI), unadjusted (model 1), after adjusting for
baseline levels (model 2), and after adjusting for baseline levels, sex, age,
smoking status and BMI (model 3). Differences in clinical parameters between
groups at day 90 were assessed using GLMs adjusting for baseline levels, number
of teeth, age, gender and smoking status. Differences in treatment time were
assessed by a GLM controlling for disease severity (PISA mm2) and number of
teeth at baseline. Correlation analysis was performed using Spearman-Rho or
Pearson’s depending on data distribution.
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4.3. Results
4.3.1. Study population and clinical characteristics
In total, 42 patients recruited to this study and 37 were included in the analysis
(reasons for exclusion in section 4.2.9). Among the included patients, 17 were
diagnosed with Stage IV Grade C PD. The remaining patients were diagnosed
with either Stage III Grade C (n=5) or Stage III Grade B (n=15) (Papapanou et al.,
2018). For treatment, 18 patients were randomised to receive treatment using
UI, and 19 patients were randomised to receive treatment using HI.
The baseline characteristics for patients in each group are outlined in table 4.2.
Comparable demographics, clinical and biological variables were observed
between groups. No statistical comparison of baseline characteristics were
performed as per Consolidated Standards of Reporting Trials (CONSORT) 2010
guidelines (Schulz et al., 2010) under item number 15 ‘Baseline Data’;
“Such significance tests assess the probability that observed baseline
differences could have occurred by chance; however, we already know
that any differences are caused by chance.”

4.3.2. Clinical outcomes
Clinical parameters were assessed at baseline and 90 days following treatment
(table 4.3). There were significant improvements in all parameters within both
groups (p<0.01 for all parameters [Wilcoxon signed-rank tests]). This included
reductions in the percentage of pockets ≥5 mm (UI: 26.73% to 10.88%, HI: 28.85%
to 11.67%) and PISA (UI: 957.93 to 134.85 mm2, HI: 1010.02 to 192.59 mm2).
Between-group comparisons were performed using GLMs adjusted for baseline
levels of each parameter, number of teeth, age, sex and smoking status. This
analysis suggested no significant difference in clinical improvement between UI
or HI groups (p[treatment group]>0.05 for all clinical parameters) which was a
secondary outcome of the current study.

194

Table 4.2. Baseline demographics and periodontal clinical parameters. Variables are
presented as median (Q1, Q3), unless followed by ‘†’ which are presented as n (%).

Variable

Ultrasonic instrumentation
(n=18)

Hand instrumentation
(n=19)

Median
(Q1, Q3)

Min, max

Median
(Q1, Q3)

Min, max

Age (years)

46.00
(36.75, 54.50)

32.00,
65.00.

41.00
(39.00, 49.00)

32.00,
59.00.

Sex, female (%)†

10
(56)

N/A

9
(47)

N/A

Smoking, current (%)†

5
(28)

N/A

6
(32)

N/A

BMI (kg/m2)

27.80
(22.68, 30.15)

20.80,
32.90.

29.70
(23.30, 34.40)

20.40,
39.00.

Systolic BP (mmHg)

124.00
(114.50, 139.50)

105.00,
165.00.

123.00
(117.00, 134.00)

104.00,
159.00

Diastolic BP (mmHg)

79.50
(75.50, 89.00)

64.00,
100.00

81.00
(73.00, 84.00)

64.00,
86.00.

CRP (mg/L)

1.60
(0.62, 2.49)

0.20,
7.28.

1.21
(0.44, 2.03)

0.12,
9.89.

IL-6 (pg/mL)

2.61
(1.13, 3.54)

0.31,
6.91.

2.29
(1.52, 4.41)

0.51,
8.00.

TNFa (pg/mL)

0.22
(0.11, 1.09)

0.01,
1.64.

0.13
(0.09, 0.36)

0.01,
0.82.

Total teeth

27.50
(24.50, 30.00)

20.00,
32.00.

29.00
(27.00, 31.00)

24.00,
32.00.

FMPS (%)

45.92
(26.10, 63.33)

7.41,
100.00

60.48
(25.00, 67.74)

8.87,
86.46

FMBS (%)

38.11
(21.45, 61.49)

14.67,
100.00

45.00
(21.26, 69.44)

4.30,
90.28

PPD (mm)

3.70
(3.35, 4.12)

2.96,
5.83.

3.98
(3.11, 4.78)

2.32,
5.73.

CAL (mm)

4.14
(3.66, 4.44)

3.15,
7.53.

4.36
(3.29, 5.02)

2.35,
7.07.

Pockets ≥5mm (%)

26.73
(22.08, 36.71)

13.1,
68.89.

28.85
(18.33, 51.39)

10.71,
70.99

PISA (mm2)

957.93
(385.55, 1759.57)

305.62,
3125.55

1010.02
(561.99, 2190.01)

105.77,
2914.90

BP; Blood pressure, BMI; Body mass index, CRP; C-Reactive protein, IL-6; Interleukin-6, TNFa;
Tumour necrosis factor alpha, FMPS; Full-mouth plaque score, FMBS; Full-mouth bleeding score,
PPD; Periodontal probing pocket depth, CAL; Clinical attachment loss, PISA; Periodontal inflamed
surface area.
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Table 4.3. Comparison of clinical parameters between treatment groups at baseline and
day 90. Values are presented as median (Q1, Q3). Analysis of clinical variables
conducted with Michael Paterson.
Variable

FMPS (%)

FMBS (%)

Pockets ≥5mm
(%)

PISA (mm2)

PPD (mm)

CAL (mm)

Timepoint

Ultrasonic
instruments
(n=18)

Hand
instruments
(n=19)

Baseline

45.92
(26.10, 63.33)

60.48
(25.00, 67.74)

Day 90

7.80
(3.50, 13.25)

8.33
(4.17, 14.06)

Within group
p-value†

<0.001

<0.001

Baseline

38.11
(21.45, 61.49)

45.00
(21.26, 69.44)

Day 90

8.10
(4.12, 12.08)

8.33
(2.98, 13.10)

Within group
p-value†

<0.001

<0.001

Baseline

26.73
(22.08, 36.71)

28.85
(18.33, 51.39)

Day 90

10.88
(3.87, 16.88)

11.67
(3.89, 30.95)

Within group
p-value†

<0.001

<0.001

Baseline

957.93
(385.55, 1759.57)

1010.02
(561.99, 2190.01)

Day 90

134.85
(62.31, 219.72)

192.59
(59.78, 380.49)

Within group
p-value†

<0.001

<0.001

Baseline

3.70
(3.35, 4.12)

3.98
(3.11, 4.78)

Day 90

2.68
(2.39, 3.09)

3.02
(2.52, 3.73)

Within group
p-value†

<0.001

<0.001

Baseline

4.14
(3.66, 4.44)

4.36
(3.29, 5.02)

Day 90

3.64
(3.10, 4.12)

4.01
(3.03, 4.68)

Between
group
p-value§

0.55

0.94

0.23

0.68

0.08

Within group
<0.001
0.005
0.14
p-value†
†Differences between baseline and day 90 within groups tested using Wilcoxon signed-rank test.
§GLMs were used to test differences in clinical parameters between the groups at day 90 having
adjusted for baseline levels, number of teeth, age, sex and smoking status.
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4.3.3. Treatment time comparison
The degree of systemic inflammation (as measured by an increase in serum CRP
at day 1) induced following FMD has been previously related to duration of
treatment (Graziani et al., 2015). As such, the time taken to complete
treatment was compared between UI and HI treatment groups (figure 4.5).
Treatment time followed a normal distribution pattern and was therefore
analysed using parametric statistics. The difference in treatment time between
instrumentation groups (UI-HI) was assessed using a GLM controlling for baseline
disease severity (PISA mm2) and number of teeth. In this trial, treatment time
for UI was significantly shorter than HI (β: −22.12, 95% CI: −35.19 to −9.06,
p[treatment group]=0.002). The mean (±SD) treatment time for UI was 75.39
(±17.83) min, compared with 96.90 (±23.54) min for HI (figure 4.5A).
Treatment time for both instruments was also correlated against different
periodontal parameters (figure 4.5B). This was performed using Pearson’s
(parametric) or Spearman-Rho (non-parametric) correlation coefficients
depending on data distribution. For UI, this analysis suggested negligible or weak
associations between treatment time and clinical parameters. In contrast, HI
treatment time showed a moderate or strong positive association with all clinical
parameters, but not the total number of teeth scaled. In particular, strong
associations were observed with CAL (Pearson R=0.720, 95% CI: 0.392 to 0.884,
p<0.001), full-mouth PPD (Pearson R=0.760, 95% CI: 0.468 to 0.903, p<0.001) and
pockets ≥5mm (Spearman R=0.720, 95% CI: 0.384 to 0.888, p<0.001), suggesting
that severe PD may influence HI treatment time more than UI treatment time.
However, it should be noted that this is an exploratory analysis that the study
was not powered to detect, and thus comes with inherent limitations.

197

A

B

180

**

1.0

Total teeth†

-0.001
ns

0.050
ns
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150

***

**

-1.0

Figure 4.5. Treatment time comparison between ultrasonic (n=18) and hand (n=19)
instrumentation groups. (A) Total treatment time controlled for number of teeth and
disease severity (PISA mm2) at baseline, **p<0.01, between-group GLM. Bars display
mean ± standard deviation. (B) Correlation between total treatment time with
ultrasonic instruments and hand instruments vs. clinical parameters. † refers to
Pearson’s and ‡ refers to Spearman-Rho correlation coefficients. ‘ns’ means no
statistical significance, *p<0.05, **p<0.01, ***p<0.001. FMPS; full-mouth plaque score,
FMBS; full-mouth bleeding score, CAL; clinical attachment level, PPD; periodontal
probing pocket depth, PPD ≥5 mm; percentage of sites ≥5mm, PISA; periodontal
inflamed surface area, all at baseline. Analysis conducted with Michael Paterson.
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4.3.4. Systemic inflammation (primary outcome)
This RCT was designed to compare the immediate systemic inflammatory
response following UI and HI. The primary outcome was serum CRP at day 1 posttreatment. Secondary outcomes included CRP at day 7 and day 90 posttreatment, serum IL-6 and TNFα at day 1, 7 and 90. The level of CRP, IL-6 and
TNFα in UI and HI groups are displayed in figure 4.6, with between-group
analyses presented in table 4.4. Upon visual inspection of histograms, all three
cytokines followed non-normal distribution patterns and were ln-transformed
prior to GLM analysis.
At day 1, the median level of serum CRP increased in both groups compared with
baseline (UI; 1.60 to 2.57mg/L [p=0.019] and HI; 1.21 to 1.78mg/L [p=0.055],
figure 4.6A). Differences between treatment groups were investigated using
three GLM’s. Model 1 was an unadjusted (direct) comparison, model 2 was
adjusted only for baseline levels of CRP and model 3 was ‘fully-adjusted’ for
baseline levels of CRP, smoking status, age, sex and BMI (table 4.4). Despite
elevated CRP at day 1, there were no statistically significant difference between
treatment groups for any GLM; p[treatment group]=0.69, p=0.60 and p=0.22 for
model 1, 2 and 3 respectively. This remained consistent at day 7 and day 90 for
CRP (all models p>0.05).
Longitudinal alterations in serum IL-6 appeared less consistent among treatment
groups when comparing baseline and day 1 (UI; 2.61 to 3.90 pg/mL [p=0.03] and
HI; 2.29 to 2.28 pg/mL [p=0.31], figure 4.6B). However, no significant
differences were observed between groups for serum IL-6 at day 1 when
assessed using GLMs (all models p[treatment group]>0.05, table 4.4). Similar
data were observed at day 7 and day 90.
Across the entire cohort levels of serum TNFα were low, with seven samples
below the assay detection limit (<0.01 pg/mL, given as LOD/2). Surprisingly
within both groups, serum TNFα was lower at day 1 than baseline (UI; 0.22 to
0.12 pg/mL [p=0.003] and HI; 0.13 to 0.10 pg/mL [p=0.044], figure 4.6C). The
level of TNFα did not significantly differ between UI or HI groups at any
timepoint (all models p[treatment group]>0.05, table 4.4). Albeit the current
study was not powered to detect changes in IL-6 or TNFα.
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Figure 4.6. Raw data for serum inflammatory proteins in patients treated with
ultrasonic and hand instruments at baseline, day 1, day 7 and day 90 follow-up. (A) CRP
(B) IL-6 and (C) TNFα. Data are displayed as a Tukey boxplot, where the median is
represented by the central horizontal line and mean displayed as ‘+’. As described
previously, day 1: UI; n=17 HI; n=19, day 7: UI; n=18 HI; n=18, day 90: UI; n=17 HI; n=19.
Between group statistical analysis displayed in table 4.4 using ln-transformed data.
Serum CRP analysis conducted with Michael Paterson.
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Table 4.4. Parameter estimates with 95% confidence intervals for ultrasonic instrumentation compared with hand instrumentation (reference) for
ln-transformed serum CRP, IL-6 and TNFa levels at day 1, day 7 and day 90. The primary outcome (serum CRP at day 1) is highlighted in yellow.
Serum CRP analysis conducted with Michael Paterson.
Day 1
β

Day 7

Day 90

95% CI

p-value

β

95% CI

p-value

β

95% CI

p-value

C-Reactive protein (CRP)
Model 1†

0.143

-0.582 to 0.867

0.69

-0.271

-1.094 to 0.553

0.51

-0.518

-1.239 to 0.202

0.15

‡

0.130

-0.369 to 0.628

0.60

-0.311

-0.950 to 0.329

0.33

-0.482

-1.038 to 0.073

0.09

§

0.318

-0.196 to 0.832

0.22

-0.231

-0.972 to 0.510

0.53

-0.304

-0.867 to 0.259

0.28

Model 2

Model 3

Interleukin-6 (IL-6)
Model 1†

0.133

-0.378 to 0.643

0.60

0.176

-0.620 to 0.972

0.66

-0.011

-0.671 to 0.650

0.97

‡

Model 2

0.261

-0.093 to 0.614

0.14

0.233

-0.524 to 0.991

0.54

0.053

-0.546 to 0.653

0.86

Model 3§

0.193

-0.173 to 0.559

0.29

0.182

-0.634 to 0.999

0.65

-0.005

-0.645 to 0.636

0.99

Tumour necrosis factor a (TNFa)
Model 1†

0.607

-0.307 to 1.521

0.19

0.189

-0.568 to 0.946

0.62

0.49

-0.192 to 1.171

0.15

Model 2‡

0.00003

-0.677 to 0.678

0.99

-0.087

-0.843 to 0.669

0.82

0.021

-0.512 to 0.555

0.94

-0.215

-0.902 to 0.472

0.53

-0.167

-1.022 to 0.688

0.69

-0.121

-0.687 to 0.445

0.67

§

Model 3

Table displays between-group estimates only. †Model 1: Unadjusted, ‡Model 2: Adjusted for baseline levels of each serum marker, §Model 3: Adjusted for baseline
levels of serum marker, sex, age, smoking status and BMI at baseline. Parameter estimates (β-values) are based on ln-transformed data. As described in Figure 4.1,
day 1: UI; n=17 HI; n=19, day 7: UI; n=18 HI; n=18, day 90: UI; n=17 HI; n=19.
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4.3.5. Evaluating factors influencing systemic inflammation
Although no difference was observed in the immediate systemic inflammatory
response between treatment groups, our data does support this response
occuring following FMD. Assessing all patients simultaneously (n=37), significant
increases in serum CRP (p=0.002, figure 4.7A) and IL-6 (p=0.019, figure 4.7B)
were observed at day 1 compared with baseline. In contrast, serum TNFα
reduced at day 1 compared with baseline (p=0.002, figure 4.7C), albeit levels
were low (<0.5 pg/mL) across the entire cohort. There also appeared to be a
large heterogeneity in the extent of this response which was not related to
instrumentation choice. For example, the absolute change in serum CRP across
all patients ranged from a 3.45mg/L decrease to a 17.56 mg/L increase.
Similarly, the change in serum IL-6 ranged from a 2.99 pg/mL decrease to a 5.30
pg/mL increase, with TNFα ranging from a -1.27 pg/mL decrease to a 0.09
pg/mL increase at day 1.
To evaluate whether this heterogeneity was associated with clinical factors
(treatment time, number of teeth, disease severity), correlation analysis was
performed between these variables and the absolute change in serum CRP, IL-6
and TNFα (figure 4.8A-I). For this analysis, PISA was used as an indicator of
disease severity. Despite a previously reported link between treatment time and
the immediate systemic inflammatory response (Graziani et al., 2015), there
were negligible associations between the change in CRP, IL-6 or TNFα and time
of treatment (figure 4.8A,D,G). Lastly, the current study did not find any
evidence for an association between total teeth or baseline PISA with the change
in any systemic marker. Thus, the heterogeneity in systemic response did not
appear to be strongly associated with differences in treatment time, baseline
clinical variables or number of teeth within the current study.
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Figure 4.7. Serum inflammatory proteins across all patients following full-mouth debridement. (A) CRP, (B) IL-6 and (C) TNFa were compared across
the entire cohort (n=37) at baseline (BL), day 1 (D1), day 7 (D7) and day 90 (D90). Data are displayed as a Tukey boxplot, where the median is
represented by the central horizontal line and mean displayed as ‘+’. Statistics refer to Wilcoxon signed-rank tests were **p<0.01 and *p<0.05. No
sign is displayed if p>0.05.
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Figure 4.8. Investigating factors contributing to the systemic inflammatory response.
Scatterplots showing the change (D) in serum CRP (A-C), IL-6 (D-F) and TNFa (G-I)
against treatment time (A, D, G), total teeth (B, E, H) and PISA at baseline (C, F, I). Blue
circles represent patients in ultrasonic treatment group, red represent hand treatment
group. All correlations are Spearman-rho, ns indicates no significant difference. UI; n=18,
HI; n=19.
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4.3.6. Multiplex analysis of serum and saliva samples
Levels of serum CRP, IL-6 and TNFα were initially assessed given previous studies
showing an elevation following FMD. To further analyse the systemic
inflammatory response, serum samples from a subset of patients were selected
for Luminex™ analysis. Saliva samples from the same patients were included to
evaluate the local inflammatory response following treatment. Twelve patients
(6x UI, 6x HI) were included in this analysis, selected based on the highest
measured CRP elevation at day 1 within each group (figure 4.9).
Serum and saliva samples were evaluated using a Luminex™ assay containing 30
cytokines, chemokines and growth factors. For all analytes, the lower limit of
quantification (LLOQ) and upper limit of quantification (ULOQ) are displayed in
table 4.5. In theory, any measurement above the blank control can be
extrapolated off of the standard curve, however the LLOQ and ULOQ represent
the range at which concentrations can be measured reliably. To avoid potential
bias and imprecision, only analytes with at least 50% of samples between the
LLOQ and ULOQ were analysed. This arbitrary threshold excluded analytes where
the majority of samples were extrapolated off of the standard curve. Only 13
and 18 analytes met this threshold in serum and saliva samples respectively. The
majority of undetectable analytes in both serum and saliva samples were
cytokines.
Within serum samples, no longitudinal alterations were observed for any of the
13 analytes assessed, comparing day 1 and day 90 samples with baseline across
all patients (n=12, figure 4.10A). In contrast, 7 of the 18 analytes assessed in
saliva significantly increased at day 1 compared with baseline (figure 4.10B).
This included salivary IL-1β (medians; 24.63 to 49.20 pg/mL), IL-10 (2.39 to 3.40
pg/mL), IL-6 (20.67 to 138.10 pg/mL), MIP-1α (14.45 to 19.05 pg/mL), MIP-1β
(21.59 to 35.58 pg/mL), IL-7 (21.37 to 26.16 pg/mL) and IL-8 (770.00 to 2910.00
pg/mL). This analysis was conducted across all patients regardless of treatment
group.
To compliment this analysis, the log2 fold-change between day 1 and baseline
was visually compared between UI and HI groups (figure 4.11). In serum
samples, the median log2 fold-change was low (>-1 and <1) with a large degree
of variation observed within both groups. In saliva samples, the largest log2 fold205

change was observed for IL-6, IL-8 and IL-1β. Additionally, this value appeared
larger for the UI group for all three analytes. Based on these data, IL-6, IL-8 and
IL-1β were selected for further analysis and subsequently quantified across every
patient. Additionally, salivary TNFa was included to compare with the serum
analysis, as well as salivary IL-17A given the data observed previously in chapter
3 of this thesis. Given that no longitudinal alterations were observed for any
detectable serum analyte, despite clear CRP elevation in these patients, no
serum analytes were investigated further.
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Figure 4.9. C-Reactive protein at each timepoint for the subset of patients selected for
Luminex™ analysis. Equal numbers of patients from both the ultrasonic (n=6, blue) and
hand group (n=6, red) were selected. Individual values are displayed with lines
connecting each patient.
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Table 4.5. Lower limit of quantification (LLOQ) and upper limit of quantification
(ULOQ) for Luminex™ analytes. Analytes <LLOQ in >50% of samples (red text) were not
further analysed. No samples were >ULOQ for any analyte.
Analyte

LLOQ (pg/mL)

ULOQ (pg/mL)

Serum samples
in range (n)

Saliva samples in
range (n)

FGF-Basic

8.56

3924.77

18 (50.00)

35 (97.22)

IL-1β

9.76

4222.22

7 (19.44)

35 (97.22)

G-CSF

94.10

64815.04

2 (5.56)

30 (83.33)

IL-10

5.41

2060.57

5 (13.89)

21 (58.33)

IL-13

16.16

6733.18

0 (0.00)

15 (41.67)

IL-6

7.78

5614.74

0 (0.00)

36 (100.00)

IL-12

10.33

3963.20

36 (100.00)

33 (91.67)

RANTES

11.79

3553.73

36 (100.00)

15 (41.67)

Eotaxin

1.84

696.04

36 (100.00)

15 (41.67)

IL-17A

26.78

11628.06

0 (0.00)

0 (0.00)

MIP-1α

17.82

12047.03

6 (16.67)

28 (77.78)

GM-CSF

6.81

2593.41

0 (0.00)

15 (41.67)

MIP-1β

24.75

11398.27

24 (66.67)

32 (88.89)

MCP-1

24.00

10705.11

36 (100.00)

36 (100.00)

IL-15

58.68

10208.35

6 (16.67)

16 (44.44)

EGF

13.08

6390.40

25 (69.44)

36 (100.00)

IL-5

11.07

4481.81

0 (0.00)

15 (41.67)

HGF

68.16

46385.24

37 (52.78)

33 (91.67)

VEGF

0.80

311.97

10 (27.78)

36 (100)

INF-γ

7.21

2793.32

18 (50.00)

29 (80.56)

INF-α

10.81

5355.51

18 (50.00)

33 (91.67)

IL-1RA

55.84

28413.37

16 (44.44)

14 (38.89)

TNFα

8.54

7050.27

0 (0.00)

5 (13.89)

IL-2

13.25

5909.49

1 (2.78)

12 (33.33)

IL-7

13.18

6175.09

1 (2.78)

30 (83.33)

IP-10

0.52

219.75

36 (100.00)

35 (97.22)

IL-2R

57.41

22050.90

18 (50.00)

9 (25.00)

MIG

26.91

9738.56

20 (55.56)

33 (91.67)

IL-4

34.34

13192.38

1 (2.78)

12 (33.33)

IL-8

12.19

9705.19

3 (8.33)

36 (100)
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Figure 4.10. Longitudinal comparison of analytes in serum and saliva samples by Luminex™. Comparing the level of analytes with at least 50% of
samples >LLOQ in serum (A) and saliva (B) samples. Bars display median ± 95% CI. Statistics are Wilcoxon signed-rank test corrected using the FDR
(5%), *p<0.05, **p<0.01. N=12. Y-axis is log10-scaled.
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Figure 4.11. Fold change in analytes at day 1 compared with baseline. The log2 foldchange in analytes from serum (A) and saliva (B) samples are compared between
ultrasonic (blue) and hand (red) groups. Only analytes >LLOQ in at least 50% of samples
are included. Bars display median ± 95% CI. Arrows indicate analytes selected for
further analysis (salivary IL-1β, IL-8 and IL-6). N=12.
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4.3.7. Comparing Luminex™ and singleplex measurements
Levels of salivary IL-6, IL-8, IL-1β, TNFa and IL-17A were assessed across all
patients to assess the local inflammatory response between groups. To
investigate inter-assay agreement between Luminex™ and conventional ELISA
technologies, a correlation analysis was performed between the three
detectable analytes assayed in the same samples (IL-1β, IL-6, IL-8). Both TNFa
and IL-17A were not included in this analysis as the nearly all Luminex™
measurements were extrapolated or undetectable. Reassuringly, levels of IL-1β,
IL-6 and IL-8 showed significant positive correlations between ELISA and
Luminex™ measurements with Spearman R values of 0.772, 0.742 and 0.803
respectively (all p<0.001, figure 4.12). A rigorous coefficient threshold of r>0.75
has been previously employed to discern a ‘significant’ correlation between
ELISA and Luminex™ measurements (Dupont et al., 2005). Coefficients within
this study fell above (IL-1β, IL-8) or within 5% (IL-6) of this threshold. Thus,
measurements appeared relative regardless of assaying technique for these
three markers.
Interestingly, although values did appear relative, there was a huge disparity in
measured concentrations. For example, IL-1β measurements were almost 10-fold
higher for all samples when assayed using singleplex ELISAs compared with the
Luminex™ assay (figure 4.12A). In contrast, IL-6 values were roughly 5-fold
lower (figure 4.12B), and IL-8 values roughly 5-fold higher (figure 4.12C) when
measured using ELISA compared with Luminex™ technology. These differences
highlight the semi-quantitative nature of each assay and reinforce the point that
comparing quantitative differences between different samples measured on
different assays, or between different studies employing different detection
techniques, can be misleading.
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Figure 4.12. Scatterplot comparing salivary cytokine levels assayed using Luminex™ or
ELISA assays. (A) IL-1β, (B) IL-6 and (C) IL-8 were >LLOQ in at least 50% of samples when
assayed on Luminex™ and could thus be compared between detection methods.
Statistics are Spearman-Rho correlation coefficients, raw R and p-values are displayed.
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4.3.8. Salivary analysis
An exploratory analysis was conducted to investigate the local inflammatory
response following UI and HI. The five selected salivary cytokines were
compared at day 1, 7 and 90 using GLMs, with p-values referring to fullyadjusted models herein (model 3). All cytokines showed a non-normal data
distribution, and therefore values were ln-transformed prior to analysis.
Salivary TNFa increased in the UI (p=0.02, Wilcoxon signed-rank test) but not HI
(p=0.39) group at day 1 compared with baseline (figure 4.13A). When comparing
each group using a GLM, no significant difference between treatment groups was
observed, likely attributed to the large variation in baseline measurements (β:
0.485, 95% CI: -0.153 to 1.123, p[treatment group]=0.13). Likewise, this analysis
suggested no difference in salivary TNFa between groups at days 7 and 90
(p>0.05 at both timepoints).
For salivary IL-6, a significant increase was observed at day 1 within both groups
(p<0.001 for both, figure 4.13B), representing a median 3.8 and 2.5 log2 foldchange in UI and HI groups respectively (figure 4.13F). Between group analysis
demonstrated that the level of IL-6 at day 1 was significantly higher following UI
compared with HI (β: 0.975, 95% CI: 0.420 to 1.531, p[treatment group]<0.001).
Salivary IL-6 returned back to similar levels between groups at day 7 (p=0.69)
and day 90 (p=0.49).
Similar data were observed for salivary IL-8; with significant increases observed
within both groups at day 1 compared with baseline (p<0.001 for both, figure
4.13C). In line with IL-6, between-group analysis showed significantly greater
levels of salivary IL-8 at day 1 following UI compared with HI (β: 0.745, 95% CI:
0.285 to 1.205, p[treatment group]=0.002), which was not maintained at day 7
or day 90 (p>0.05 at both timepoints).
There was no increase in salivary IL-17A within either group at day 1. However,
IL-17A increased significantly in the UI group at day 90 supporting results from
chapter 3 of this thesis. Additionally, between-group analysis suggested
elevated IL-17A at day 90 within the UI group compared with HI (β: 0.874, 95%
CI: 0.184 to 1.563, p[treatment group]=0.015). No differences were observed
between groups for salivary IL-17A at day 1 or day 7.
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No alterations in salivary IL-1β were recorded within either group at day 1.
However, significant reductions in this analyte were observed as early as day 7
in both groups (p<0.05 for both), which were maintained until day 90 (p<0.01 for
both). Suggesting this analyte may be highly responsive to reductions in
periodontal inflammation. Furthermore, the current analysis suggested no
between-group differences at any timepoint for this cytokine (p[treatment
group]>0.05 for all).
Collectively, these data suggest that both salivary IL-6 and IL-8 were higher
following UI compared with HI. Whether this elevation represents a larger
degree of local trauma induced via treatment, or simply ‘flushing’ of the pocket
contents into saliva remains to be seen. Additionally, in contrast to serum CRP
there is no published data defining a ‘clinically meaningful’ difference in this
local inflammatory spike and such a conclusion cannot be drawn from the
current study. Of note, these alterations did not appear to transition
systemically. As mentioned throughout this chapter, salivary cytokine analysis
was exploratory in nature and the study was not powered nor designed to detect
these differences. This carries with it inherent limitations which should be
considered when interpreting this analysis.
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Figure 4.13. Levels of salivary cytokines in ultrasonic and hand groups at baseline, day 1, day 7 and day 90. Salivary (A) TNFα, (B) IL-6, (C) IL-8, (D)
IL-17A, (E) IL-1β and (F) log2 fold-change at day 1 vs. baseline. Error bars display median ± 95% CI. Ultrasonic (blue): n=18, hand (red): n=19.
Between-group comparisons refer to general linear models adjusted for baseline level of each salivary cytokine, sex, age, smoking status and BMI,
significant differences are shown by connecting lines between groups. Longitudinal analysis represents Wilcoxon signed-rank test were a; significant
difference in ultrasonic group and b; significant difference in hand group vs. baseline.
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4.3.9. Gingival crevicular fluid (GCF) analysis
To investigate whether salivary alterations were consistent in GCF, the same five
cytokines were measured in GCF samples. Any GCF strip with blood
contamination was discarded prior to analysis. The number of eluted strips per
patient at each timepoint is provided in figure 4.14A-B, with UI and HI groups
displayed separately. As may be expected, blood contamination mainly impacted
baseline samples within each group. At days 1, 7 and 90 the majority of patients
had all 4 strips eluted. For subsequent GCF analysis, cytokines were standardised
to the number of strips eluted, as described previously (section 3.2.6.2). Among
the sampled sites, significant reductions in the average PPD (figure 4.14C) and
CAL (figure 4.14D) were observed (p<0.001 for both, paired t-tests).
The current analysis suggested no differences in GCF TNFα between groups at
any timepoint (figure 4.15A). GCF IL-6 increased in both groups at day 1
(p<0.001 vs. baseline, figure 4.15B), representing a 2.8 (UI) and 1.9 (HI) log2
fold-change increase compared with baseline (figure 4.15F). In contrast to
saliva, between-group analysis suggested no difference between UI and HI for IL6 at day 1 (p[treatment group]=0.72). Similar data were observed for IL-8 at day
1, with increases observed within both groups compared with baseline (p<0.001,
figure 4.15C). This elevation appeared comparable between groups with a 1.5
(UI) and 1.8 (HI) log2 fold-change in each group (figure 4.15F). Accordingly,
there was insufficient evidence to suggest a difference between groups at day 1
(p=0.89). A borderline difference in GCF IL-8 was observed between groups at
day 7 (β: -0.406, 95% CI: -0.718 to -0.094, p=0.012), although this returned to
similar levels by day 90 (p=0.66).
The level of IL-17A in GCF samples remained consistent throughout all
timepoints and did not differ following UI or HI (figure 4.15D). No differences in
IL-1β were observed between groups; however, significant reductions were
observed after treatment - as early as day 7 in the UI group (p=0.003, day 7 vs.
baseline) and day 1 in the HI group (p<0.001, day 1 vs. baseline), supporting
comparable shifts observed in saliva from the same patients.
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4.3.10. Association between day 1 ‘spikes’ in serum, saliva, GCF
To evaluate whether elevated levels of local cytokines (saliva, GCF) were
associated with an increased systemic response, Spearman-Rho correlations were
performed using delta values from baseline to day 1. No strong associations were
observed between the change in CRP at day 1 and the change in any local
cytokine (figure 4.16). Weak positive associations existed between the change
in serum CRP and salivary IL-6 (R=0.33, 95% CI: -0.01 to 0.60, p=0.048), IL-8
(R=0.39, 95% CI: 0.06 to 0.64, p=0.02), and TNFα (R=0.40, 95% CI: 0.07 to 0.65,
p=0.02).
For serum IL-6, a weak positive association was observed with the change in GCF
TNFα (R=0.37, 95% CI: 0.04 to 0.63, p=0.03), whilst a moderate negative
association was observed with GCF IL-1β (R=-0.54, 95% CI:-0.74 to -0.24,
p=0.02). For serum TNFα, a weak negative association was observed with
salivary IL-6 (R=-0.37, 95% CI: -0.63 to -0.04, p=0.03). Surprisingly, the change in
salivary IL-6 and TNFα did not associate with the serum alterations in these same
cytokines.
From this data it could be speculated that local trauma may play a role, along
with bacteraemia, in driving the systemic inflammatory response to FMD.
Although these associations were relatively weak with regard to CRP, the finding
that local cytokines (IL-6, IL-8) were significantly elevated at day 1 is intriguing
and should be further explored. Importantly, although UI appeared to induce
larger increases in salivary levels of these markers at day 1, these trends were
not maintained systemically with no difference between groups in serum CRP.
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Figure 4.16. Heatmap displaying correlation coefficients between the change in CRP and cytokines at day 1 compared with baseline. The change in
cytokines from saliva and GCF samples was correlated against the change in serum markers. Heatmap displays R values generated by Spearman-Rho
correlation across all patients (n=37). *associated p-value <0.05.
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4.4. Discussion
This chapter presents the first RCT to investigate the impact of different
instrumentation techniques on systemic inflammation following FMD. A
significant increase in serum CRP was observed one day after treatment, across
all patients. However, there was no difference in CRP between hand or
ultrasonic treatment groups at day 1 following adjustment, and the magnitude
of this response was generally low across the majority of patients. Similar
findings were observed for IL-6, whilst TNFα reduced at day 1 in contrast to
previous studies. The local inflammatory response, as measured by an increase
in salivary cytokines at day 1, appeared greater following ultrasonic compared
with hand instrumentation. Clinical improvement was recorded irrespective of
instrumentation group at day 90 follow-up, although lower treatment time was
observed for the ultrasonic group.
The immediate increase in serum CRP following FMD is in line with several
previous studies (D'aiuto et al., 2004a, Tonetti et al., 2007, Graziani et al.,
2010, Graziani et al., 2015, Morozumi et al., 2018). However the magnitude of
increase in the current study was notably lower than has been observed
previously. Comparing baseline and day 1 serum CRP this study found a 1.67-fold
increase across all patients, which is somewhat lower than Graziani et al. and
Tonetti et al. with an approximately 3-fold and 8-fold increase respectively
(Graziani et al., 2015, Tonetti et al., 2007). One difference which may explain
this finding is the total treatment time within each study. Across all patients,
mean treatment time was 86.6 minutes within the current study, compared with
123 minutes in the study by Graziani et al. for the FMD group (Graziani et al.,
2015). Similarly, baseline plaque scores were lower in the current study (48.0%)
than Graziani et al. (70.0%), which is likely due to all patients receiving basic
oral hygiene instruction from GDPs prior to referral to the department. Patients
also received an additional supragingival scale prior to treatment (after baseline
plaque scoring) as per current clinical guidelines, which will have reduced scores
even further (Scottish Dental Clinical Effectiveness Programme, 2014, Lang and
Lindhe, 2015, Suvan et al., 2019).
A recent joint consensus statement between the EFP and AAP advised against
the use of FMD in patients with any level of CVD (Sanz et al., 2020). In this
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study, although an increase in serum CRP was recorded at day 1, there was large
heterogeneity in the extent of this response. The average increase was 1.07
mg/L and ranged from a 3.45 mg/L decrease to a 17.56 mg/L increase,
demonstrating large inter-patient variation which was not related to
instrumentation choice, treatment time or baseline disease severity. Using a
similar study design, a +1444C>T polymorphism in the CRP allele has been shown
to influence day 1 CRP levels following FMD (D'aiuto et al., 2005). Individuals
homozygous for the +1444T allele (TT) show a significantly higher CRP spike than
individuals carrying the C-allele (CC or CT), with this finding being supported by
an earlier study assessing CRP spikes following intensive exercise (Brull et al.,
2003). A genetic predisposition may partially explain heterogeneity in CRP
concentrations, although C-allele carriers still displayed far higher levels of CRP
at day 1 following FMD compared with the current study (+10 to 15 mg/L).
Differences in quantitative alterations therefore most likely lie in study design.
To this extent, assessing whether supragingival debridement, prior to FMD, may
help reduce this spike would be an important comparison within future studies.
Compared with CRP, the alterations in serum IL-6 and TNFα were less consistent.
The latter decreased significantly at day 1 which is in contrast to previous
studies (Graziani et al., 2015); however the biological significance of this is
questionable given that only very low levels of TNFα were detected across all
timepoints. There were no discernible differences between UI and HI with
respect to CRP, IL-6 or TNFα at day 1, despite observing a significantly reduced
treatment time with ultrasonics. Evaluating these results, it could be speculated
that the difference in treatment time (22 minutes on average) may not be
sufficient to translate into a noticeable difference in the systemic inflammatory
response.
Assessing clinical outcomes between instrumentation groups there was no
difference between UI and HI which is commensurate with previous studies
(Ioannou et al., 2009). A pocket closure rate of 58.54% and mean PPD reduction
of 0.98 mm were observed across all patients, which is similar to values reported
from a systematic review with pocket closure rates of 57% and mean PPD
reduction of 1 mm at 3-4 month follow-up (Suvan et al., 2019). Of particular
interest may be the finding that UI was significantly quicker than HI.
Additionally, treatment time for HI positively correlated with clinical disease
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severity at baseline, and this trend was not observed for UI. Thus, it could be
speculated that ultrasonics may offer a greater time saving capacity for the
treatment of PD. However, it should be noted that this is an exploratory finding
from the current study and more rigorous investigation is required.
In contrast to previous studies which have solely investigated systemic
inflammation (D'aiuto et al., 2004a, D'aiuto et al., 2005, Tonetti et al., 2007,
Graziani et al., 2010, Graziani et al., 2015), this study also assessed cytokines in
GCF and saliva samples. There was an increase in certain salivary cytokines one
day following FMD and this response was more pronounced than was observed in
the serum. Of the five salivary cytokines assessed, there was a large elevation in
salivary IL-6 and IL-8 at this timepoint. This response was significantly greater
following UI compared with HI, and it could be hypothesised that ultrasonic
instruments may induce more local trauma during FMD. However, this was an
exploratory post-hoc analysis that the study was not powered nor designed to
detect. These data do, however, suggest that local trauma may contribute to
the observed spike in systemic inflammation following FMD. In contrast to saliva,
there was no observed difference between groups for GCF IL-6 and IL-8 at day 1,
with increases observed within each group. One factor which may explain this
result is that GCF was selectively sampled from deep sites, where it could be
speculated that elevated operative trauma may be more likely to arise. Future
studies should further explore the relationship between local and systemic
inflammation to confirm whether such a response dictates elevations in serum
CRP.
Whilst robust randomisation and blinding were employed within this RCT, there
remains inevitable limitations which must be considered. CRP may be influenced
by numerous confounding variables that may be unevenly distributed between
groups. To limit this potential bias, future studies may consider including
specific levels of baseline CRP and BMI in inclusion criteria or stratification
techniques. Additionally, it was not possible to blind clinicians to groups given
the nature of the treatment which may potentially result in observation bias. As
mentioned, analysis of the local cytokines (saliva, GCF) and treatment time
were exploratory secondary outcomes, which additional studies will certainly be
required to confirm. Another limitation is that bacteraemia analysis was not
performed in the current study as blood sample timepoints were selected based
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on assessing changes in serum CRP. It is believed that bacteraemia induced by
scaling is rapidly cleared within 30 minutes (Lafaurie et al., 2007), meaning
blood samples are required immediately post-intervention. Within future studies
it would be useful to correlate the degree of bacteraemia immediately posttreatment with the change in serum CRP at day 1 and establish whether
individual species may elicit a larger response. Finally, the current study found
equivalence between the groups in terms CRP at day 1 (primary outcome). This
study was designed to detect a difference between groups, rather than
equivalence, and these results should therefore be interpreted with
consideration of this caveat.
In conclusion, this chapter found that ultrasonic and hand instrumentation
induced a comparable elevation in systemic inflammatory markers following
FMD. Ultrasonic scalers were significantly quicker but appeared to induce a
larger increase in local inflammatory cytokines which should be confirmed in
future studies. A key finding from this study was that the magnitude of CRP
increase at day 1 was generally low across most patients, which cannot be
overlooked in the context of recent guidelines. Patients within this RCT
presented at day 1 with only a minor elevation in serum CRP (+1.07 mg/L). Such
an increase may also be observed following other dental procedures which elicit
low-grade bacteraemia including dental flossing, toothbrushing or mastication
(Forner et al., 2006, Crasta et al., 2009). Our data do support an elevated
response occurring among a subset of patients, and future work is required to
establish why there is a large disparity in the magnitude of reaction. With an
ageing population and increased tooth retention, more medically compromised
patients receive periodontal treatment. Establishing the risk of an elevated
systemic inflammatory response to FMD will help ensure that that treatment can
be performed safely in patients where repeated travel and attendance for
treatment is a burden.
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4.5. Chapter summary
The RCT presented within this chapter was the first of its kind, evaluating the
impact of instrumentation techniques on the systemic inflammatory response to
FMD. The study was powered to detect a difference in serum CRP between
ultrasonic and hand instrumentation groups at day 1. Secondary outcomes
included comparison of systemic cytokines, clinical outcomes and local cytokines
between groups. The main findings from this chapter are highlighted below;
•

There was no difference in the systemic inflammatory response following
full-mouth debridement using hand or ultrasonic instruments.

•

Notably, the magnitude of this systemic response was generally low within
the current cohort, with large heterogeneity in the extent of response.

•

There were no differences in clinical outcome following hand or ultrasonic
instrumentation, although treatment was significantly quicker with ultrasonic
instruments.

•

Higher levels of salivary cytokines were observed following ultrasonic
instrumentation, potentially indicating a larger degree of local trauma which
future studies are needed to confirm.
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Chapter 5
Subgingival biofilm reformation
following hand and ultrasonic
instrumentation
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Work from this chapter has been presented at the following meetings;
‘Periodontal biofilm reformation following mechanical disruption – A clinical
study’ by W. Johnston. Presented at the Glasgow University School of Medicine,
Dentistry and Nursing PGR open day in May 2021. E-poster. Awarded first prize
for best poster presentation.
‘Periodontal biofilm reformation following hand and ultrasonic instrumentation’
by W. Johnston. Presented at the 5th Penn Periodontal Conference in July 2021.
E-poster.
Data from this chapter has been used as part of a marketing campaign by
Dentsply Sirona.
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5.1. Introduction
Hand and ultrasonic instruments are routinely used in isolation or in combination
to provide NSPT, with selection largely guided by patient and clinician
preference. Numerous studies, including chapter 4 of this thesis, have
demonstrated that both types of instrumentation improve the clinical status of
patients with equal efficacy (Ioannou et al., 2009, Suvan et al., 2019). Similarly,
studies employing targeted approaches to assess the level of certain bacterial
species (P. gingivalis, T. forsythia, T. denticola, A. actinomycetemcomitans)
have found comparable microbial outcomes following treatment with each type
of instrument (Derdilopoulou et al., 2007, Christgau et al., 2007, Ioannou et al.,
2009). The current chapter sought to further explore the microbial impacts of
different instrumentation techniques, initially using an in vitro PD biofilm model
and subsequently using 16S rRNA sequencing to investigate the subgingival
plaque microbiota from the RCT presented within chapter 4.
As molecular techniques have progressed and allowed deeper understanding of
the subgingival plaque microbiome, the theory of causative pathogens in PD has
been superseded by the concept of community dysbiosis (Lamont et al., 2018,
Abusleme et al., 2021). As such, profiling the subgingival plaque microbiota is
required to capture the magnitude of microbial alterations following treatment.
The impact of NSPT on the microbiome has been described within chapter 3 of
this thesis and by previous studies (Shi et al., 2015, Chen et al., 2018). However,
the study in chapter 3, and all prior studies, have used a ‘blended’ approach
with respect to instrumentation technique by employing the use of hand and
ultrasonic scalers simultaneously. Additionally, most studies focus on a single
follow-up timepoint between 1 and 3 months meaning that the immediate
impact of NSPT on the subgingival plaque microbiome, and the steps involved in
microbial community reformation remain poorly understood.
Whilst hand and ultrasonic scalers both aim to disrupt and remove subgingival
plaque biofilms, there is evidence that instruments may differ in their direct
impact both on the tooth surface and corresponding biofilm. Profilometry
studies have highlighted that the surface roughness of specimens differ following
use of hand and ultrasonics in vitro, although results are inconsistent. For
example, some studies demonstrate that hand instruments may leave a
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smoother surface in comparison with ultrasonics (Schlageter et al., 1996, Kocher
et al., 2001, Zafar, 2016), whilst other studies suggest the opposite trend (De
Mendonca et al., 2008, Hagi et al., 2015). Such varying results may be due to
several factors including the specific instrument and technique used. However,
if an effect is present in favour of either instrumentation technique, then this
may influence biofilm removal and subsequent reformation (Arabaci et al.,
2007). Likewise, early microbiology studies suggested that cavitation induced
from ultrasonic scalers may have an antimicrobial effect against bacteria within
the Spirochaetes phylum (Thilo and Baehni, 1987, Baehni et al., 1992). However,
later studies demonstrated a lack of any antimicrobial effect against specific
periodontal bacteria (Schenk et al., 2000) and others have suggested that heat
generated from scaler tips may confound results (O'leary et al., 1997).
Defining whether the use of hand or ultrasonics have differing impacts on
periodontal biofilms both in vitro and in vivo is important to guide appropriate
instrumentation choice when performing NSPT. Furthermore, profiling the
disrupted biofilm community at different timepoints is crucial to understand the
steps involved in recovery and reformation of the biofilms following treatment,
and may elucidate factors which help promote or accelerate a favorable clinical
response. The current chapter sought to assess the impact of hand and
ultrasonic instruments on an in vitro PD biofilm model and in vivo from the RCT
presented within chapter 4. This study also sought to characterize the recovery
of subgingival plaque communities following mechanical disruption, thereby
providing a novel ecological insight into this microbial reassembling process in
vivo. Specifically, the research questions for this chapter are as follows;
•

Do hand and ultrasonic scalers differ in their impact on in vitro PD biofilms?

•

Does the subgingival plaque microbiome differ following treatment with hand
or ultrasonic instruments?

•

How does the subgingival plaque microbiome reform following mechanical
biofilm disruption?
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5.2. Materials and methods
5.2.1. Part A: Pilot in vitro study
5.2.1.1. Bacterial culture conditions
Part A of this chapter aimed to explore the impacts of physical debridement on
in vitro PD biofilms. Biofilms were prepared on 18 mm diameter round glass
coverslips as previously described (Millhouse et al., 2014, Sherry et al., 2016,
Brown et al., 2019a). Briefly, biofilms comprised 10 bacterial species which are
standardised and sequentially added over a 1 week period. All strains used to
prepare biofilms are shown in table 5.1. To grow bacteria, frozen stocks of
three streptococci species (S. mitis, S. oralis, S. intermedius) and A.
actinomycetemcomitans were cultured on CBA agar for 1-2 days, followed by
TSB broth at 5% CO2, 37°C. All other bacteria (F. nucleatum ssp. polymorphum,
F. nucleatum ssp. vincentii, A. naeslundii, V. dispar, P. intermedia, P.
gingivalis) were grown on pre-reduced FAA agar for 2-3 days in an anaerobic
cabinet. Both A. naeslundii and V. dispar were then cultured in pre-reduced BHI
broth. F. nucleatum spp. polymorphum, F. nucleatum spp. vincentii, P.
gingivalis and P. intermedia were cultured in pre-reduced SCH broth (Oxoid,
Hampshire, UK). All protocols for FAA, BHI and SCH were performed in an
anaerobic cabinet at 37°C (85 % N2, 10 % CO2 and 5 % H2; Don Whitley Scientific,
Shipley, UK).

5.2.1.2. Biofilm preparation
Following sub-culture, bacterial broths were centrifuged at 4,000 RPM for 10
minutes to obtain bacterial pellets (AWEL C20 model, Blain, France). Pellets
were washed by resuspending in sterile PBS three times. Each species was
standardised to 1x108 CFU/mL in PBS using the OD550 reference values outlined in
table 5.1. From here, species were diluted to 1x107 CFU/mL (1:10) using
artificial saliva (AS) media (Pratten et al., 1998). The AS media contains porcine
stomach mucins (0.25% w/v; Sigma-Aldrich, Gillingham, UK), sodium chloride
(0.35% w/v; VWR, Lutterworth, UK), potassium chloride (0.02% w/v; VWR),
calcium chloride dihydrate (0.02% w/v; VWR), yeast extract (0.2% w/v;
Formedium, Hunstanton, UK), lab lemco powder (0.1% w/v; Oxoid), protease
peptone (0.5% w/v; Sigma-Aldrich) and urea (0.05% v/v; Sigma-Aldrich).
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Sterile 18 mm round diameter glass coverslips were added to 12 well microtiter
plates (Corning™ Costar™). A 500 µL cocktail of bacterial species in AS were
sequentially added to coverslips over a 7 day maturation period. For example;
50 µL S. mitis, 50 µL S. intermedius, 50 µL S. oralis and 350 µL AS were added on
day 0 (5% CO2). This was followed by addition of V. dispar, A. naeslundii, F.
nucleatum ssp. polymorphum and F. nucleatum ssp. vincentii on day 1
(anaerobic), and P. gingivalis, A. actinomycetemcomitans and P. intermedia on
day 2 (anaerobic). After addition of all species, biofilms were incubated
anaerobically for a further 4 days with daily media changing (figure 5.1).

5.2.1.3. Biofilm storage and reconstitution
On the 7th day, AS was removed and sealed plates containing biofilms on
coverslips were immediately frozen at -80°C. Prior to treatment, biofilms were
reconstituted adding 500 µL AS followed by overnight incubation at 37°C
anaerobically. This protocol has been previously optimised for use on glass
coverslips (Brown et al., 2019a), ensuring no discrepancies in biofilm
composition or viability between fresh and frozen biofilms.
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Table 5.1. Strains and culture conditions for species included in 10 species biofilms.
Bacterial strain

Agar

Broth

Culture
conditions

OD550
1x108 CFU/ml

S. mitis
NCTC 12261

CBA
(1 day)

TSB
(1 day)

5% CO2

0.5

S. intermedius
DSM 20573

CBA
(1 day)

TSB
(1 day)

5% CO2

0.5

S. oralis
NCTC 11427

CBA
(1 day)

TSB
(1 day)

5% CO2

0.5

A. actinomycetemcomitans
ATCC 43718

CBA
(1-2 days)

TSB
(2 days)

5% CO2

0.2

V. dispar
NCTC 11831

FAA
(2-3 days)

BHI
(2 days)

Anaerobic

0.5

A. naeslundii
DSM 17233

FAA
(2-3 days)

BHI
(2 days)

Anaerobic

0.2

F. nucleatum ssp. polymorphum
ATCC 10953

FAA
(2-3 days)

SCH
(2 days)

Anaerobic

0.2

F. nucleatum ssp. vincentii
DSM 19507

FAA
(2-3 days)

SCH
(2 days)

Anaerobic

0.2

P. gingivalis
W83

FAA
(2-3 days)

SCH
(2 days)

Anaerobic

0.2

P. intermedia
DSM 20706

FAA
(2-3 days)

SCH
(2 days)

Anaerobic

0.2

CBA; Columbia Blood Agar, FAA; Fastidious Anaerobic Agar, TSB; Tryptic Soy Broth, BHI;
Brain Heart Infusion broth, SCH; Schadler’s anaerobic broth.
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Figure 5.1. Growth of ‘periodontitis’ biofilms. Ten bacterial species were standardised to 1x107 CFU/mL in AS and sequentially added to 18 mm
round diameter glass coverslips. Biofilms were incubated at 5% CO2 for 1 day, followed by anaerobic incubation (AnO2) from days 1 to 7. Following
species addition, media was changed daily for a total of 4 days. Once mature, biofilms were frozen at -80°C. *Aggregatibacter
actinomycetemcomitans. Image created in BioRender.
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5.2.1.4. Biofilm treatment
Biofilms were washed 3 times in sterile PBS prior to any subsequent treatment.
For scaling treatments, coverslips were lifted upwards with sterile forceps and
scaled using 10 single strokes of an ultrasonic scaler (Cavitron® Slimline® 10S
30K, Dentsply Sirona) or hand scaler (Gracey 1/2, LM Dental) into the well.
Scaling motions were performed by a trained dental hygienist (Mrs Debbie
McKenzie), using the same pressure and technique that would be applied in a
clinical setting. Ultrasonic treatment was used at a power setting of 50% with
water adjusted to form a fine mist with droplets as per manufacturer’s
instructions. For treatment, ultrasonic tips were held 45°to the coverslip
surface. Hand treatment was performed by holding scalers at 90°to the coverslip
surface and performing light sweeping strokes. For hand scaling, treatment was
performed in 1 mL of sterile distilled water. For ultrasonic scaling, roughly 800900 uL of sterile distilled water was consistently pulsed through the scaler
during treatment and entered wells. This was topped up to 1 mL with sterile
distilled water following treatment completion to ensure equal volumes in hand
and ultrasonic wells.
Chlorhexidine was included as a positive control at 0.2% (v/v; Sigma-Aldrich).
For chlorhexidine treatment, 1 mL was applied to biofilms and allowed to dwell
for 2 minutes. After this period, chlorhexidine was removed and biofilms were
washed with 1 mL sterile PBS prior to further assaying. Untreated biofilms were
included in all assays as negative controls. These biofilms were washed with
sterile PBS after AS removal but did not receive any further treatment. All
experiments were performed on three separate occasions (n=3).

5.2.1.5. Resazurin metabolism assay
The metabolic activity of treated and untreated biofilms was assessed using
resazurin sodium salt (Sigma-Aldrich). A resazurin stock was prepared at 1% by
adding 0.1g to 10 mL sterile PBS (w/v), which was stored at 4°C for up to 1
month. The solution was diluted to 0.001% for use in biofilm metabolism assays
as described previously (Delpech et al., 2018). To all wells, 500 µL of diluted
resazurin was added and incubated for 30 minutes. After incubation, the
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fluorescence was read at 544ex/590em (FLUOstar Omega Microplate Reader,
BMG Labtech, Ortenberg, Germany).

5.2.1.6. Crystal violet biomass assay
Biofilm biomass was assessed using the crystal violet assay. This was performed
on the same biofilms as the resazurin assay. Following assessment of metabolic
activity, resazurin was removed and biofilms were gently washed in sterile PBS.
After washing, biofilms were allowed to air dry for a further 48 hours. Five
hundred microliters of 0.05% w/v crystal violet solution was added to each
biofilm and incubated at room temperature for 30 minutes. No biofilm controls
(glass coverslip only) were included in all assays to subtract background signal.
After incubating, crystal violet stain was removed, and biofilms washed with tap
water. Five hundred microliters of 100% ethanol was applied to de-stain
biofilms, and five 75 µL aliquots from each well were transferred to a new 96
well flat-bottom microtiter plate. Well absorbance was read at 570 nm
(FLUOstar Omega Microplate Reader, BMG Labtech, Ortenberg, Germany). The
average of the 6 aliquots per well was averaged to give final biomass readings.

5.2.1.7. Analysis of Colony Forming Units (CFUs)
CFU analysis was performed on supernants following biofilm treatment. This was
performed using the Miles and Misra technique (Miles et al., 1938), in which 20
µL of serially diluted supernants (ranging from 10-2 to 10-8) were applied in
triplicate to both CBA and FAA plates. CBA plates were incubated for 48 hours at
37°C in 5% CO2, with FAA plates incubated for 48 hours at 37°C anaerobically.
Colonies were counted to provide an aerobic and anaerobic CFU/mL estimation.
The triplicate average was used per repeat as a final reading.
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5.2.2. Part B: Subgingival plaque microbiota
5.2.2.1. Study outcomes and patient selection
Part B of this chapter was an exploratory secondary outcome from the RCT in
chapter 4 of this thesis (Clinicaltrials.gov ID: NCT03501316). This analysis sought
to investigate whether the subgingival plaque microbiome differs following hand
and ultrasonic instrumentation at a range of timepoints (baseline, days 1, 7 and
90 post-treatment, figure 5.2). In total, 18 patients received full-mouth
debridement using UI, and 20 patients received HI. For HI, this included one
patient that was not included in chapter 4 analysis due to pathologically high
baseline serum CRP levels. Prior to inclusion, it was confirmed that this patient’s
baseline subgingival plaque microbiota did not substantially differ from the rest
of the cohort.

5.2.2.2. Subgingival plaque collection
The protocol for subgingival plaque collection and processing was followed as
described in section 3.2.2.3. Subgingival plaque was collected from the deepest
pocket in each quadrant at baseline. At each subsequent timepoint (day 1, 7,
90), subgingival plaque was collected from the same pockets to ensure accurate
single-site longitudinal analysis. Bacterial pellets were processed and stored
immediately in adjacent laboratories at -80°C until analysis.

5.2.2.3. Subgingival site selection
This was a single-site comparison of the subgingival microbiota following UI and
HI, and thus only 1 of the 4 sites collected at each timepoint was analysed. To
ensure accurate comparison between groups, ‘deep’ sites (between 6 and 10
mm) which displayed clinical improvement were selected for analysis. The same
site was analysed at each subsequent timepoint.
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Baseline
(N=38)

Hand-scaling
(N=20)

Full-mouth
debridement

Ultrasonic-scaling
(N=18)

Day 1
(N=20)

Follow-up

Day 1
(N=18)

Day 7
(N=19)

Follow-up

Day 7
(N=18)

Day 90
(N=19)

Follow-up

Day 90
(N=18)

Quality

Per base sequence quality

Position in read (bp)

Sample collection

16S rRNA sequencing

Processing & analysis

Figure 5.2. Flow chart of microbiota study design. Patients received full-mouth
debridement using hand- or ultrasonic-scaling. Subgingival plaque was collected at
baseline, day 1, day 7 and day 90 follow-up (black stars). DNA was extracted from
samples at each timepoint and underwent 16S rRNA sequencing and analysis. Two
samples from different patients in the hand-scaling group (1 at day 7, 1 at day 90) had
<5000 reads and were not included in microbiome analysis (n=20 [baseline, day 1], n=19
[day 7, day 90]). Image created in BioRender.
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5.2.2.4. DNA extraction
DNA was extracted from 152 samples (38 patients, 4 timepoints) using the same
protocol outlined in section 3.2.7.2 at the FISABIO institute (Valencia, Spain)
with additional DNA concentration step. Following extraction into low-retention
tubes, DNA was concentrated using Vivacon® 500 centrifugal concentrators
(Sartorious, Germany). Final DNA concentrations were measured on a Qubit TM3
fluorometer (Thermo Scientific, Massachusetts, USA) prior to sequencing.

5.2.2.5. DNA sequencing and taxonomic classification
DNA was sequenced as described in section 3.2.7.4, using the 16S rRNA gene
Metagenomic Sequencing library preparation protocol from Illumina (Part
#15044223 Rev. A). Primers used in this study target the V3-V4 regions of the 16S
rRNA gene (table 3.2). Taxonomic classification was performed using the same
methodology outlined in section 3.2.7.5. ASVs tables were generated using the
DADA2 pipeline (Callahan et al., 2016), with genus- and species-level assignment
generated by comparison to the SILVA database (Quast et al., 2013). All raw
sequencing reads from this study are publicly available in the NCBI SRA under
BioProject PRJNA736618.

5.2.3. Data analysis
For in vitro data, differences in biomass, metabolic activity and colony counts
were assessed using one-way ANOVA with Tukey’s post-hoc for multiple
comparisons. Paired t-tests were used to assess differences in aerobic and
anaerobic colony counts from the same samples. All analysis was performed in
GraphPad PRISM (v8).
For clinical analysis, GLMs were performed on clinical parameters using SPSS
software (v26), with baseline levels included at covariates. Microbiota analysis
was performed as described previously in this thesis (section 3.2.8.2) using a
combination of R and the MicrobiomeAnalyst pipeline (Dhariwal et al., 2017,
Chong et al., 2020). Longitudinal analysis was conducted using the wilcox.test
function in R, adjusted for multiple statistical comparisons (FDR 5%). For the
MicrobiomeAnalyst pipeline, default filtering was applied (prevalence = 4 counts
in 20% of samples, variance = 10% IQR).
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5.3. Results
5.3.1. Part A: In vitro biofilm treatment
The first section of this chapter sought to investigate the impact of hand and
ultrasonic instruments on an in vitro PD biofilm model. The primary aim of this
in vitro study was to assess whether hand and ultrasonic instruments have
differing impacts on biofilms when controlling for the number of strokes.
Additionally, the viability of removed organisms was assessed in supernants
following treatment with each instrument.

5.3.1.1. Biomass and metabolic activity following scaling
To evaluate biomass removal following hand and ultrasonic scaling, biofilms
were subjected to 10 strokes of each instrumentation type (carried out by an
experienced dental hygienist). Biofilms were also treated for 2 minutes with
chlorhexidine (0.2%) as a positive control, alongside untreated biofilms as
negative controls. Following scaling, both hand and ultrasonic instrumentation
resulted in significantly reduced biomass in comparison with untreated biofilms
(figure 5.3A-B, p<0.001, one-way ANOVA). When directly comparing
instruments, lower residual biomass was observed following 10 strokes using the
ultrasonic instrument (17.02% ± 7.07) compared with 10 strokes using the hand
instrument (66.97% ± 11.01), which was statistically significant (p<0.001).
Residual biomass was visible in areas between hand scaler strokes; however this
was not observed following ultrasonic treatment (figure 5.3A). Chlorhexidine
treatment did not significantly alter biofilm biomass in comparison with
untreated controls (p=0.68). As expected, similar results were observed when
assessing the metabolic activity of biofilms (figure 5.3C-D), excluding
chlorhexidine treatment. Chlorhexidine treated biofilms displayed low metabolic
activity following treatment (14.91% ± 1.57, p<0.001 vs. untreated) with
comparable biomass to untreated controls.
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Figure 5.3. Biomass and metabolic activity of biofilms after treatment. Representative image of Crystal Violet assay (A), quantified as a percentage
of untreated biofilms (B). Representative image of Resazurin assay (C), quantified as a percentage of untreated biofilms (D). Individual datapoints
are shown with error bars displaying mean ± standard deviation, statistics are one-way ANOVA with Tukey’s post-hoc, ***p<0.001. N=3. US; Ultrasonic
instrumentation, H; Hand instrumentation, CHX; Chlorhexidine control, UT; Untreated control.
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5.3.1.2. Microbial load in supernatant following treatment
The microbial load of supernants was next evaluated, given previous suggestions
that cavitation from ultrasonics may have some antimicrobial effect (Baehni et
al., 1992, Thilo and Baehni, 1987). One pitfall of previous studies of the effect
of cavitation is that experiments were performed using planktonic bacteria. In
the current study, we assessed the culturable microbial load in supernatants
following biofilm disruption (experiment outline figure 5.4A). This model
partially mimics the interface between bacteria and scalers in vivo, where
subgingival planktonic microorganisms would be dispersed following mechanical
biofilm disruption.
The supernatant microbial load was estimated by aerobic and anaerobic colony
counts following treatment. Colony counts in untreated wells refer to a fourth
wash with sterile water. There were significantly more viable bacteria in
supernatant following 10 strokes using an ultrasonic instrument compared with
10 strokes using a hand instrument (figure 5B-C, p<0.001). No culturable
bacteria were identified following chlorhexidine treatment, and no differences
were observed between aerobic and anaerobic counts for any treatment (figure
5.4D). This is likely attributed to several included organisms being facultatively
anaerobic and thus counted under both conditions. Collectively, ultrasonics
removed larger amounts of biofilm per stroke, however removed organisms
remain viable. Although this model cannot definitively rule out an ultrasonic
antimicrobial effect, this data indicates that any effect is limited and unlikely to
provide any additional clinical benefit when viewed in isolation.
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Figure 5.4. Quantifying dispersed organisms in supernatants following treatment.
Experimental summary image (A), outlining collection and culture of supernatant
(water) following treatment. Aerobic (A) and anaerobic (B) counts were assessed
following ultrasonic-scaling (US), hand-scaling (H), chlorhexidine (30 seconds, CHX) and
untreated biofilms (UT). Direct comparison between aerobic and anaerobic counts from
each treatment (C). Results are represented as colony forming units per mL (CFU/mL),
error bars show mean ± standard deviation. For B-C, statistics are one-way ANOVA with
Tukey’s post-hoc, ***p<0.001. For D, statistics are paired t-tests, ns means no significant
difference observed. ND; not detected. N=3.
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5.3.2. Part B: Subgingival plaque microbiota
Having evaluated the impact of hand and ultrasonic scalers in vitro, the second
part of this chapter focussed on an in vivo microbiota comparison using 16S rRNA
sequencing of subgingival plaque collected during the RCT from chapter 4.

5.3.2.1. Clinical treatment response within sampled sites
Clinical examination was performed at baseline and day 90 on sites from which
subgingival plaque samples were collected (table 5.2). Comparing treatment
groups, similar PPD and CAL were observed at baseline and were indicative of
severe disease. Both PPD and CAL significantly reduced following treatment
regardless of instrumentation choice (p<0.001 for all, paired t-test), and clinical
improvement at sampled sites was comparable between instrumentation groups
(p=0.94 [PPD], p=0.66 [CAL], GLM).

Table 5.2. Clinical characteristics of sites sampled for subgingival plaque. Data are
played as mean (±SD) for each group.
Variable

Site PPD
(nearest mm)

Site CAL
(nearest mm)

Timepoint

Ultrasonic
(n=18)

Hand
(n=20)

BL

7.67 (±1.28)

7.65 (±1.14)

D90

4.50 (±1.50)

4.60 (±1.35)

Within group
p-value†

<0.001

<0.001

BL

7.61 (±1.33)

7.95 (±1.91)

D90

5.23 (±1.67)

5.90 (±1.77)

Within group
p-value†

<0.001

<0.001

Between
group
p-value§

0.94

0.66

†

Differences within groups tested using paired t-test comparing baseline and day 90.
Differences between groups tested using general linear models (GLMs) adjusted for baseline
level of each variable, smoking status, sex and age.
§
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5.3.2.2. Comparing α-diversity between treatment groups
Across the 152 subgingival plaque samples assessed during the current study,
4254 ASVs were detected with an average of 63,050 reads per sample. Two
samples (1x day 7, 1x day 90, both HI) produced only a low number of total
reads (1701 and 2244 respectively) compared with the rest of the samples. As
such, these two samples were not included in any subsequent microbiome
analysis. Rarefaction curves were generated at species-level prior to calculation
of α-diversity indices at each timepoint (figure 5.5A-D). Across all samples,
rarefaction curves suggested a reliable diversity estimate was possible at 14,000
reads per sample. After rarefying, Shannon and ACE indices were calculated to
evaluate the diversity of subgingival plaque samples. Both indices were nonnormally distributed and compared between-groups using Mann-Whitney U tests
and within-groups using Wilcoxon signed-rank tests, with all p-values adjusted
using the FDR (5%) approach (Benjamini and Hochberg, 1995).
Using these indices, significant reductions in the Shannon index were observed
within both UI and HI groups as early as day 1 post-treatment (UI: p<0.001, HI:
p<0.001, Wilcoxon signed-rank test, figure 5.5E). These reductions were
maintained until day 90, with no significant differences between treatment
groups at any timepoint (p>0.05 at all timepoints, Mann-Whitney U test). Similar
longitudinal results were observed for the ACE index with the exception of UI at
day 1 and HI at day 7 which both showed trends towards a reduction (p=0.06 for
both, figure 5.5F). Importantly, no significant differences in the ACE index were
observed between groups at any timepoint (p>0.05 at all timepoints, MannWhitney U test).
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Figure 5.5. α-diversity of subgingival plaque samples. Rarefaction curves display the
number of species observed when rarefying to different reads in baseline (A), day 1 (B),
day 7 (C) and day 90 (D) samples. Comparing the Shannon (E) and ACE (F) indexes
between ultrasonic (blue) and hand (red) treatment groups, calculated after rarefying
to 14,000 reads. Individual sites are represented in each graph, error bars (E,F) display
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All p-values were adjusted for multiple comparisons using the FDR (5%) approach. No
between-group differences were observed at any timepoint. For baseline and day 1,
n=38. For day 7 and day 90, n=37.
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5.3.2.3. Community comparison between treatment groups
Alterations in the subgingival plaque composition were next assessed between
groups. The top 20 most abundant genera, and top 30 most abundant species are
displayed which equated to >60% of the total composition at all timepoints
(figure 5.6 and 5.7 respectively). Univariate analysis was performed across all
genera and species with a minimum signal of detection, using Mann-Whitney U
tests between UI and HI groups at each timepoint (section 5.2.3). The baseline
microbiota was similar between instrumentation groups, with no alterations in
the abundance of any genera or species (all p[adjusted]>0.05). Despite largescale compositional changes observed longitudinally within groups, no significant
difference in genus- or species-abundance was observed between UI and HI at
day 1, 7 or 90 following treatment (all p[adjusted]>0.05).
These comparisons were supplemented with β-diversity analysis, using BrayCurtis based PCoA at each timepoint. Similar to the comparison of relative
abundances, genus-level ANOSIM suggested no differences between HI at UI at
baseline (p=0.86, figure 5.8A), day 1 (p=0.17, figure 5.8B), day 7 (p=0.09,
figure 5.8C) or day 90 (p=0.83, figure 5.8D). Similar results were observed at
species-level, with no differences between treatment groups at any timepoint
(figure 5.9A-D). Thus, instrumentation choice did not appear to differentially
influence the microbiome when comparing groups at each timepoint.
Direct assessment was also performed between disease-associated species. For
this comparison, the sum of the red-complex, orange-complex and novel
disease-associated species was utilised (outlined in table 3.4). These species
were selected based on strong evidence from a systematic review, which did not
consider red- and orange-complex members with existing rigorous evidence
(Pérez-Chaparro et al., 2014). Analysis of these species demonstrated reductions
within both groups at all post-treatment timepoints compared with baseline
(figure 5.10). The only exception to this trend was HI at day 1, which showed a
trend towards statistical significance (p=0.05, Wilcoxon signed-rank test).
Notably, between-group comparisons suggested no significant difference in the
abundance of these species at any timepoint (all p>0.05, Mann-Whitney U test).
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Figure 5.6. Genus composition of subgingival plaque samples. Graphs display the average abundance of genera within each group at baseline, day 1,
day 7 and day 90. The top 20 most abundant genera are displayed, with all others grouped together (grey bars). No differentially abundant genera
were identified between the US and H treatment groups in each of the time points (Mann-Whitney U tests adjusted for multiple comparisons using
the FDR (5%) approach). US; Ultrasonic, H; Hand. For baseline and day 1, n=38. For day 7 and day 90, n=37.
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Figure 5.8. Comparing genus-level subgingival plaque communities between ultrasonic
and hand treatment groups. Bray-Curtis based principal coordinate analysis (PCoA) was
performed at genus-level across ultrasonic and hand-treated sites at baseline (A), day 1
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timepoint, all p>0.05. For baseline and day 1, n=38. For day 7 and day 90, n=37.
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Figure 5.9. Comparing species-level subgingival plaque communities between ultrasonic
and hand treatment groups. Bray-Curtis based principal coordinate analysis (PCoA) was
performed at species-level across ultrasonic and hand-treated sites at baseline (A), day
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Figure 5.10: The abundance of disease-associated species between ultrasonic (blue)
and hand (red) groups. Error bars display median and 95% confidence interval.
Longitudinal within-group statistics are Wilcoxon signed-rank tests where **p<0.01 and
***p<0.001. No differences were observed between-groups (Mann-Whitney U test). For
baseline and day 1, n=38. For day 7 and day 90, n=37. Data represents the sum of; P.
gingivalis, T. denticola, T. forsythia, P. intermedia, P. nigrescens, F. nucleatum, F.
periodonticum, P. micra, C. gracilis, S. constellatus, C. showae, T. medium, P.
stomatis, P. denticola, M. timidum, F. alocis, S. sputigena, A. tannerae, A. geminatus,
F. fastidiosum, P. endodontalis, T. vincentii, T. lecithinolyticum, D. pneumosintes.

5.3.2.4. Longitudinal alterations across timepoints
Given the lack of difference between instrumentation groups, longitudinal
analysis was performed across the entire cohort to characterise immediate shifts
and subsequent reformation of the subgingival plaque microbiota. Longitudinal
abundance analysis was performed at genus- and species-level using Wilcoxonsigned rank tests, comparing each post-treatment timepoint with baseline. Only
abundant genera (≥0.5% at any timepoint) and species (≥0.25% at any timepoint)
were included in these heatmaps.
At genus-level, longitudinal analysis revealed shifts in the abundance of 32
genera following NSPT. Of these, 21 genera (65.6%) differed at all timepoints
compared with baseline (figure 5.11A). This included several anaerobic genera
such as Porphyromonas, Tannerella, Treponema, Prevotella, Fusobacterium,
Filifactor, Fretibacterium and Selenomonas (figure 5.11D). It is noteworthy to
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mention that these genera, whilst reduced, were detectable even at day 1 posttreatment. Several other genera including Desulfobulbus, Dialister, Johnsonella,
Lentimicrobium and Parvimonas also followed a similar pattern. A surprising
exception to this trend was Corynebacterium, which significantly reduced in
abundance at days 1 and 7 but increased at day 90 compared with baseline.
Other genera including Campylobacter, Centipeda, Leptotrichia and Neisseria
significantly differed only at early timepoints (day 1, 7) and returned to baseline
levels by day 90, whilst one; Actinomyces, significantly differed only at day 7
and 90. No genera was differentially abundant exclusively at days 1 or 90.
Similarly, 65 species significantly differed in abundance compared with baseline
(figure 5.11B). Of which, 32 were significantly different at all timepoints, albeit
many were unclassified (Genus_NA). Among those classified to species-level;
Filifactor alocis, Selenomonas sputigena, Tannerella forsythia, Treponema
denticola, Treponema lecithinolyticum and Treponema socranskii, all defined as
disease-associated (Pérez-Chaparro et al., 2014), were significantly reduced at
all subsequent timepoints compared with baseline (figure 5.11C). The majority
(93.8%) of these species were significantly different at day 7, whilst a small
number including Porphyromonas catoniae significantly differed only at day 1.
Alternatively, a single species; Actinomyces massiliensis, significantly increased
only at day 90.
Collectively, these data highlight immediate shifts in the subgingival plaque
microbiome following FMD. This was generally characterised by a decrease in the
abundance of disease-associated species which was maintained throughout the
study period. With respect to longer term changes (day 90), there was a large
degree of similarity between the results observed in the current study and the
study presented within chapter 3 of this thesis, suggesting similar changes occur
consistently following various forms of NSPT. The majority of alterations were
either common to all timepoints, or exclusively observed at early timepoints
(day 1, day 7). Thus, shifts in composition were either induced rapidly and
maintained until day 90, or recovered gradually over the course of the study.
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Figure 5.11. Differential abundance of genera and species following full-mouth
debridement. Venn-diagram displaying genera (A) and species (B) which significantly
differed at each timepoint. Heatmap displaying abundant genera (C) and species (D)
which significantly differed compared with baseline. Data are mean log2 fold-change
compared with baseline. Statistics are Wilcoxon signed-rank test versus baseline,
adjusted for multiple comparisons using the FDR (5%) approach. *p[adjusted]<0.05. For
baseline and day 1, n=38. For day 7 and day 90, n=37. Only abundant genera (≥0.5% at
any timepoint) and species (≥0.25% at any timepoint) were plotted.
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5.3.2.5. Visualising compositional shifts following FMD
To visualize the reformation of the subgingival plaque microbiota, a specieslevel PCoA was performed across timepoints with each timepoint added
sequentially (figure 5.12). Near identical patterns were observed at genus-level
and was thus not plotted separately. When viewing PCoAs, the baseline samples
(red) clustered together on the right-hand side as expected. At day 1 (yellow)
most samples distinctly clustered from those at baseline, albeit a small degree
of overlap remained. This distinct clustering was maintained until day 7 (green),
with a high degree of overlap between day 1 and 7 samples. Interestingly at day
90 (blue), no distinct clustering was observed, and samples appeared highly
spread across each of the preceding timepoints. For example, a subset of day 90
samples appeared to reform a composition more similar to baseline, whilst
others maintained a composition more comparable with days 1 and 7. Therefore,
whilst the baseline composition appeared relatively consistent, the capacity for
a similar composition to reform at day 90 was heterogenous across the study
population.
In terms of reformation, genera and species which characterised the shift
between the early (day 1, 7) and later (day 90) follow-up timepoints may be of
particular interest despite this heterogeneity. At genus-level, these differences
were largely characterised by reduced abundance of aerobes and facultative
anaerobes such as Haemophilus, Neisseria, Granulicatella Streptococcus and
Lautropia species (figure 5.13A). In contrast, 9 genera significantly increased in
abundance at day 90 compared with either day 1 or day 7 (figure 5.13B).
Although many of these genera were obligate anaerobes (Selenomonas,
Centipeda, Prevotella, Tannerella, Porphyromonas), this trend was not
unanimous. In fact, both Actinomyces and Corynebacterium, which have been
previously associated with periodontal health (Abusleme et al., 2013, Cai et al.,
2021), also showed a significantly increased abundance at day 90.
At species-level, many shifts were attributed to unclassified species (figure
5.14). Of note, one species which reduced in abundance at day 90
(Fusobacterium periodonticum) and one species which increased in abundance
at day 90 (Campylobacter gracilis) belonged to the Socransky ‘orange-complex’
(Socransky et al., 1998). Likewise, Filifactor alocis and Porphyromonas
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endodontalis (red boxes, figure 5.14B) are disease-associated and both
significantly increased in abundance at day 90. Increased abundance of nonanaerobic species was also observed, including unclassified Actinomyces,
Corynebacterium matruchotii and Streptococcus cristatus.
Collectively, these data map the reformation of the subgingival plaque
microbiota following biofilm disruption. As expected, these shifts were largely
governed by late colonisation of anaerobic species, which may feasibly require a
longer period to grow and re-establish themselves within shrinking periodontal
pockets. However, both Actinomyces and Corynebacterium may also be
categorised ‘late colonisers’ under the conditions assessed here. This data may
initially seem surprising, although a similar finding was described nearly 50 years
ago using culture techniques; detailing the ‘late colonisation’ of Actinomyces
and Corynebacterium in the absence of oral hygiene (Ritz, 1967). Thus, the
paradigm of early colonisers being associated with health, and late colonisers
being associated with disease may not relate to all organisms. The current study
also suggests that the early post-treatment microbiome remains relatively
consistent up to 1 week following debridement, whereas more heterogenous
microbial compositions were observed at day 90. Therefore, whilst consistent
shifts were observed, many more are likely masked by large differences in the
day 90 microbiota between patients.
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Figure 5.12. Community reformation following full-mouth debridement. A Bray-Curtis
based PCoA was performed at species-level across all timepoints, with individual
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5.3.2.6. Potential influences on day 90 community reformation
An interesting finding from this chapter was the apparent reformation of a
‘baseline-like’ microbiome in a subset of patients at day 90. The ability to
predict this response would be of huge clinical benefit, potentially unravelling
why some patients show an attenuated microbial response following NSPT.
Furthermore, understanding this long-term microbial heterogeneity would be an
important steppingstone in unravelling the complex factors which drive the
bacterial composition of subgingival plaque samples, and may uncover aspects
that drive dysbiosis of the community.
To investigate potential factors influencing the day 90 microbiota, various
clinical, demographic and behavioral variables were assessed. To do this, the
day 90 samples from the previous species-level PCoA analysis (figure 5.12) were
coloured according to the abundance of disease-associated species to confirm
the presence of a more disease-associated community (figure 5.15). As
expected, this colour gradient revealed that samples clustering more similarly
with baseline (right-hand side) had an elevated abundance of disease-associated
species with a steady increase from left to right.
To establish whether microbial reformation was associated with residual clinical
disease, samples were sized according to periodontal clinical variables using
bubble plots. Given previous links between gingival inflammation and biofilm
dysbiosis (Rosier et al., 2018, Van Dyke et al., 2020), it was hypothesised that
the reformation of the microbiome following treatment may be at least partially
associated with the level of residual inflammation at day 90. To test this, the
PISA was employed as an estimate of local inflammatory burden (Nesse et al.,
2008). Surprisingly, this analysis suggested no association between the
subgingival plaque microbiome and PISA levels at day 90 (figure 5.15A). For
example, some samples contained a low abundance of disease-associated
species despite patients displaying higher levels of residual PISA, whilst the
highest abundance of disease-associated species (56.9%) was found in a patient
with a day 90 PISA of only 30.95 mm2 – commensurate with periodontal health
(Leira et al., 2018).
In addition to inflammation, patient’s oral hygiene was evaluated as a potential
driver of microbial reformation. Within the current cohort, FMPS was calculated
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at baseline, day 7 and day 90. As expected, FMPS were generally low across the
entire cohort at day 7 (≤20%). Despite standardising oral hygiene through
administration of an electric toothbrush and detailed oral hygiene advice at each
follow-up timepoint, FMPS increased at day 90 compared with day 7 with a large
spread in day 90 values (ranging 0.86% to 52.34%). Thus, FMPS were employed as
a crude estimate of patient’s oral hygiene status. Similar to the PISA, this
analysis did not reveal an association between the day 90 microbiota at FMPS
(figure 5.15B).
Site-specific pocket depth was also considered as an indicator of the
microenvironment from which subgingival plaque samples were harvested.
Despite large heterogeneity in the PPD at day 90, there was no apparent
association with the subgingival plaque microbiome in the current study (figure
5.15C). These data appear largely commensurate with those observed within
chapter 3. Analysis of categorical variables was also considered and suggested
no clear association between the day 90 microbiota and smoking status,
treatment group or sampled site morphology (figure 5.16A-C), albeit the sample
size of smokers was relatively low in this cohort. This visual assessment of
bubble plots was statistically confirmed by negligible associations between
disease-associated species and PISA (Spearman R=0.03, p=0.86), FMPS (R=0.27,
p=0.11) or site-specific PPD (R=0.24, p=0.16). No differences were observed
between categorical variables using Mann-Whitney (treatment group; p=0.94,
site morphology; p=0.87) or Kruskall-Wallis analysis (smoking status; p=0.76).
Therefore, whilst the baseline microbiota appeared to reform in a subset of
patients, this could not be solely explained by differences in clinical disease,
instrumentation choice, smoking status or site selection in the current study.

259

Figure 5.15. Relationship between the day 90 microbiota and periodontal clinical
variables. Graphs are bubble plots displaying species-level PCoAs at day 90 (x/y axes),
coloured according to the abundance of disease associated species and sized according
to PISA (A), FMPS (B) and site PPD (C) at day 90. Disease associated species represent
the sum of the ‘red-complex’, ‘orange complex’ (Socransky et al., 1998) and those
identified in a recent systematic review (Pérez-Chaparro et al., 2014). N=37.
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Figure 5.16. Relationship between the day 90 microbiota and categorical variables.
Graphs are bubble plots displaying genus-level PCoAs at day 90 (x/y axes), coloured
according to the abundance of disease associated species and labelled according to
smoking status (A), treatment group (B) or molar/non-molar site selection (C). Disease
associated species represent the sum of the ‘red-complex’, ‘orange complex’
(Socransky et al., 1998) and those identified in a recent systematic review (PérezChaparro et al., 2014). N=37.
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5.4. Discussion
Using an in vitro biofilm model, this chapter found that ultrasonic instruments
removed more biomass than hand instruments when controlling for stroke
number. Despite this, both hand and ultrasonic instruments appeared to induce
comparable impacts on the microbiome in vivo, in terms of taxonomic diversity
and overall composition at a range of follow-up timepoints. Within each group,
instrumentation induced rapid compositional shifts in the subgingival plaque
which was followed by a gradual recovery to baseline in a subset of patients.
The importance of this community reformation, in the absence of elevated
clinical disease is currently unknown and requires additional evaluation.
One previous study has compared hand and ultrasonic instruments on in vitro
multispecies biofilms (Hagi et al., 2015). In this previous study, a 12-species
biofilm model was treated using 10 strokes of a hand instrument or for 10
seconds using an ultrasonic instrument, within a complex periodontal pocket
model. The authors observed comparable results with respect to an elevated
reduction in biomass following ultrasonic compared with hand instrumentation.
Ultrasonic scalers have also been recently assessed in vitro using a more
advanced dental implant biofilm model (Vyas et al., 2020a). Here, the authors
demonstrate that cavitation from ultrasonic scalers is capable of removing
biofilms from implants in a contact-free treatment model. Considering the
results of the current study, this cavitation effect may also explain the enhanced
biofilm removal with ultrasonic compared with hand instruments.
The current chapter also incorporated analysis of supernatants, where it was
established that disrupted organisms remained viable following removal from
coverslips. As expected, this data suggests that instrumentation may give rise to
the rapid dispersion of planktonic organisms in the oral cavity. In reality,
clinicians do not control for strokes but aim for total disruption and removal of
subgingival plaque biofilms. Therefore, targeting the viability of dispersed
organisms (alongside ‘residual’ biofilms) may also be of benefit in preventing
recolonisation of certain species in distal sites.
A limitation of the in vitro section of this chapter is that the model employed is
not reflective of the oral cavity, as biofilms were treated on glass coverslips
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within microtiter plates and treatment was performed aerobically. It is
reassuring that the results here are commensurate with the previous study
where an artificial periodontal pocket model was employed (Hagi et al., 2015).
However, it is likely that organisms adhere differently to a glass coverslip
compared with a more representative substrate such as hydroxyapatite or
enamel. Additionally, some dispersed organisms may not have been captured
within the current model, particularly following ultrasonic debridement where
aerosol generation could not be fully contained. In light of these limitations, we
are in the process of developing a new treatment model which will better
collect aerosol and provide a more reflective setting for evaluating the impact
of instrumentation on in vitro biofilms (appendix iv). Building upon the data
presented in this chapter, future experiments should be performed in an
anaerobic cabinet to minimise bias in supernatant viability. Additionally, the
model developed by Vyas et al., for high-speed imaging biofilm removal could be
considered to compare the effects of cavitation among different ultrasonic
inserts (Vyas et al., 2020a, Vyas et al., 2020b).
Assessing the subgingival plaque microbiome from patients treated exclusively
using hand or ultrasonic instruments, this chapter observed no compositional
differences between groups at any follow-up timepoint (day 1, day 7, day 90).
These data are in line with earlier studies using targeted approaches such as
DNA-DNA hybridization and PCR for quantification of certain disease associated
species (Christgau et al., 2007, Derdilopoulou et al., 2007, Ioannou et al., 2009),
suggesting these effects likely extend across the entire microbiome.
Whilst no differences were observed between treatment groups, widespread
compositional alterations were found longitudinally within each group
(summarised in figure 5.17). Assessing all patients, Streptococcus, Rothia and
Neisseria species were substantially elevated at day 1 and day 7 compared with
baseline, indicating that these genera are able to rapidly recolonise the
subgingival pockets and establish dominance within the early stages of biofilm
reformation. This finding is in line with the spatiotemporal model of oral
bacterial colonisation whereby streptococci species are primary colonisers and
facilitate a base from which the mature biofilm can form (Kolenbrander et al.,
2002). The rapid expansion of Rothia species has been previously documented at
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2-week and 6-week timepoints indicating such alterations may be maintained
even past the 7 day follow-up within the current study (Belstrom et al., 2018).
Surprisingly, although reduced in abundance there remained detectable levels of
several disease-associated anaerobes even 1 day post-treatment (P. gingivalis,
T. forsythia, F. alocis), implying that the polymicrobial nature of the subgingival
plaque persists during treatment and recovery. This could be speculated to be
the result of missing small areas of plaque during treatment, or as evidenced
from in vitro data, dispersed species may rapidly recolonise at low levels. In
agreement with the former, it has been widely documented that calculus is
rarely – if ever – completely removed from deep pockets ≥5 mm (Brayer et al.,
1989, Robertson, 1990). A similar finding has been documented using DNA-DNA
hybridisation to assess subgingival biofilm development in the absence of oral
hygiene (Teles et al., 2012). This previous study found that disease-associated
species (red- and orange-complex) were reduced but detectable 1 day after
NSPT, and persisted over a 1 week period in the absence of oral hygiene.
Within the current study, most alterations in the abundance of genera and
species were either induced rapidly and maintained over the course of the trial,
or recovered between days 7 and 90. The alterations observed at day 90 are
largely similar to those observed within chapter 3, and as such it seems likely
that different treatment plans induce comparable microbial outcomes. There
are similar observations in healthy subjects; demonstrated in a study that
collected the subgingival plaque at 10 timepoints following mechanical
debridement ranging from 0 hours (immediately after) to 3 months (Wang et al.,
2020). It was found that the largest compositional difference from baseline was
observed between 7 hours and 3 days - rather than between 0 and 4 hours - with
an almost entire recovery by 3 months. This community reformation may be
expected within healthy subjects; however the current study also demonstrates
a similar response within a subset of PD patients.
Compared with preceding timepoints, there was higher heterogeneity in the
composition of day 90 samples. Indeed, it was confirmed that some samples at
contained a high abundance of disease-associated species with no clear
relationship with residual clinical disease, smoking status or treatment group
when viewed in isolation. This is supported by previous studies where a clear
disease associated microbial shift was observed in some patients despite clinical
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improvement (Schwarzberg et al., 2014, Chen et al., 2018). The significance of
these species in the absence of clinical disease is unknown, although it has been
speculated that a high abundance of disease associated species, even without
disease symptoms, may be prognostic of future disease progression (Griffen et
al., 2012). Thus, the question remains as to why such a differing microbial
response is observed among a cohort of patients who all improved clinically,
received similar forms of therapy and contained a relatively comparable
microbiota in preceding timepoints.
Several factors are known to alter the oral microbiome and may explain these
results. It has recently been reported that children who have parents suffering
from PD display an elevated abundance of disease-associated organisms
(Monteiro et al., 2021), supporting earlier work that cohabitation can influence
the composition of the oral microbiome (Song et al., 2013, Shaw et al., 2017). In
addition, a genetic susceptibility to the colonisation of red-complex species has
been reported by GWAS (Divaris et al., 2012). Evaluating genetic and
environmental factors was out with the scope of the current study, however
during reformation the composition subgingival plaque may be particularly
sensitive to these variables.
Another recent study demonstrated that a nitrate rich diet substantially shifts
the subgingival plaque microbiome in PD patients following treatment, with
significantly lower abundances of Fretibacterium, Prevotella and Treponema,
and higher abundances of Rothia and Neisseria (Jockel-Schneider et al., 2021).
Similarly, in vitro nitrate supplementation can attenuate PD associated bacteria
in biofilms grown from patient saliva (Rosier et al., 2020). Within the current
study no data regarding patients diet was recorded and this may be another nonclinical factor which could contribute to differing compositions at day 90.
It is noteworthy to mention that a ‘dysbiosis index’ has recently been developed
based on 49 discriminating species (Chen et al., 2021). This index is able to
accurately discriminate between PD and healthy sites, and was validated by
machine learning analysis across several previous studies. Of interest, the
authors highlight that a small subset PD samples contained relatively low levels
of dysbiosis, whilst a small subset healthy samples contained high levels of
dysbiosis. It was suggested that PD samples with low dysbiosis may represent
quiescent sites or patients hyperresponsive to dysbiosis, whereas healthy sites
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with high dysbiosis may represent a form of tolerance or those at risk of disease
progression. Such effects may also relate to the day 90 samples within the
current study, although it remains unclear why and indeed how this dysbiosis
arises. Future studies which identify this dysbiosis either in healthy patients or
post-treatment, and subsequently monitor long-term clinical responses are of
paramount importance moving forward in periodontology.
As previously mentioned, a limitation of the current microbiome analysis is that
sequencing 16S rRNA fragments is not quantitative, as results are computed as
relative abundances. Given the nature of the treatment performed, it is
assumed that the total microbial load of day 1 and possibly day 7 samples will be
less than that at baseline or day 90, and the results here merely reflect
composition at each point in time. With respect to the disparity in day 90
microbial outcomes, it cannot be ruled out that the results throughout this
chapter represent the pace of reformation rather than its presence or absence
(figure 5.17). The current study was not designed to observe this trend and
across a longer study period it is possible that the shift towards a ‘baseline-like’
microbial profile would be observed in a larger number of patients. Given that
pockets were still present, disease associated organisms may eventually
recolonise and establish themselves as biofilms continue to grow and mature. In
future, the importance of this response must be established by investigating
whether the presence or abundance of disease-associated species dictates the
risk of subsequent disease development in specific sites.
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Figure 5.17. Summary schematic depicting the reformation of subgingival plaque biofilms following periodontal therapy. At days 1 and 7, biomass is
presumed to be low, but composition is dominated by health associated genera (Streptococcus, Actinomyces, Rothia). By day 90, the composition
was comparable to baseline in a subset of samples, whilst others were more similar to days 1 and 7. This was surprisingly independent of clinical
disease and demographic risk factors in the current study. Variables which may influence this response that merit future research are environmental
factors, genetic predispositions, diet and whether this effect may simply be the pace of reformation. Image created using BioRender.
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5.5. Chapter summary
This chapter evaluated the impacts of different instrumentation techniques on
periodontal biofilms both in vitro and in vivo. The main findings from this
chapter are highlighted below;
•

Ultrasonic instruments removed more biomass from in vitro biofilms than
hand instruments when controlling for strokes.

•

However, dispersed organisms following biofilm removal remained viable.

•

The current study did not find a difference in the subgingival plaque
microbiome of patients treated with ultrasonic or hand instruments.

•

The composition of subgingival plaque samples was largely composed of
Streptococcus, Actinomyces and Rothia species 1 day following treatment,
which persisted for at least 7 days.

•

By day 90, some samples displayed a composition highly similar to baseline
irrespective of residual clinical disease, smoking status or instrumentation
choice.
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Chapter 6
Final discussion, future work and
conclusions
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6.1. Final discussion
The unifying goal of this PhD project was to investigate the host and microbial
response to NSPT through the use of a longitudinal cohort study (chapters 2-3)
and RCT (chapters 4-5). This is important given that NSPT is often only partially
successful, and potentially detrimental off-target systemic effects have been
reported following FMD. As such, there is a need to critically evaluate the
efficacy of NSPT from a clinical, immunological and microbial viewpoint to form
a holistic understanding of the response to treatment. Detailed individual
discussions are provided at the end of each chapter, the current section seeks to
provide context to the major findings of this thesis and highlight potential areas
of future research.

6.1.1. The goal of periodontal treatment
In light of the reported epidemiological and mechanistic links between PD and
RA, several questions have been posed such as whether NSPT may prevent the
future development of RA (Bingham and Moni, 2013). Addressing this question
can be particularly challenging given that an ideal comparator group would
consist of PD patients who did not receive treatment, and hard-endpoints (RA
development) would be measured over time. This design carries obvious ethical
limitations, and demands an unrealistically long study duration. Instead, many
researchers opt to measure surrogate markers of disease longitudinally following
NSPT. Chapter 2 of this thesis evaluated serum ACPAs, systemic inflammatory
proteins and antibacterial antibody titres in 42 PD patients before and 3 months
after receiving NSPT. As noted, there were no longitudinal alterations in either
serum ACPAs or systemic inflammatory proteins – despite widespread reductions
in periodontal disease severity. These findings are in contrast to two previous
studies which found reductions in serum ACPAs following NSPT in only nonsmokers (Lappin et al., 2013) or patients with generalised PD (Yang et al., 2018).
One limitation of all three studies is that both the sample sizes and ACPA titres
of patients were low – and all analyses were exploratory in nature. Hence even
when a reduction is observed, it can be difficult to delineate a clinically
meaningful outcome when only a small magnitude of change is present. In
hindsight it is perhaps unsurprising that no alterations were observed across all
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patients in the current study. As evidenced by the microbiota analysis in both
chapters 3 and 5, species such as P. gingivalis are reduced in abundance
following treatment - but remain very much present in this community. If these
bacteria are indeed the drivers of autoimmunity, then NSPT in isolation would
appear unlikely to halt this reaction in the long term. Other factors such as
smoking have also been shown to upregulate protein citrullination in the lungs
by increasing the expression of host PAD2 (Makrygiannakis et al., 2008), and the
bridge between these putative triggers and eventual RA development may be
dependent on a genetic predisposition (HLA-DRB1 shared epitope). Animal
models generally support a contributory role for PD in both RA initiation and
progression (Bartold and Lopez-Oliva, 2020). Human studies – around which this
thesis is centred – are far less conclusive. The development of RA is incredibly
complex and remains incompletely understood. Thus, despite an association with
PD it is perhaps unrealistic for NSPT to ameliorate any future risk of this extraoral disease.
In a broader sense, it has been questioned whether oral health should be
promoted based on its impact on systemic disease rather than being important in
its own right (Pihlstrom et al., 2018), and a similar paradigm could be extended
to periodontal therapy. The lack of reduction in serum ACPAs, systemic
inflammatory proteins or failure to remove all disease-associated species from
the subgingival plaque, are by no means a reflection on the success of
treatment. Although many studies have assessed surrogate markers of systemic
diseases following NSPT, the goal of this treatment is to preserve, improve and
maintain the natural dentition in the mouth and induce a healthier periodontium
with the absence of inflammation (American Academy of Periodontology, 2011).
It is important not to lose sight of the fact that every patient within both studies
in this thesis showed positive signs of clinical improvement after 90 days. Thus,
NSPT was unequivocally beneficial in regard to improving oral health.

6.1.2. The blended treatment approach
NSPT is a versatile technique and while the main goal of treatment remains
unchanged, it is applied in various forms throughout clinical practice. FMD was
originally advocated to prevent the translocation of ‘pathogenic’ bacteria from
untreated into treated sites during quadrant NSPT (Quirynen et al., 1995).
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However, follow-up systemic reviews have highlighted only slight clinical
improvements using FMD compared with quadrant NSPT (Lang et al., 2008).
Instead of outright clinical superiority, FMD is preferred in some situations as it
requires less time overall, reduces the need for repeated instrument sterilisation
and may be more convenient for certain patients to avoid repeated travel (Koshy
et al., 2005, Fang et al., 2016). Over the last 20 years, several studies have
demonstrated a marked elevation in serum CRP following FMD (D'aiuto et al.,
2004a, Tonetti et al., 2007, Graziani et al., 2010, Graziani et al., 2015,
Morozumi et al., 2018) and recently it has been recommended that treatment be
performed over several sessions for patients with CVD (Sanz et al., 2020).
This systemic response was further evaluated within the RCT of chapter 4,
where no differences in serum CRP were observed between hand and ultrasonic
treatment groups at day 1. This finding is directly applicable to clinical practice;
demonstrating that the choice of instrumentation does not influence the
systemic response to FMD. As mentioned previously, it is also of particular
interest that the ‘spike’ in CRP following these treatments was markedly lower
than has been previously observed. There remains some ambiguity around the
treatment delivered in previous studies and for some patients the ‘FMD’ may
have included additional treatment such as tooth extractions (Tonetti et al.,
2007), supragingival scaling (Graziani et al., 2015) and root planing (Morozumi et
al., 2018) during treatment visits. The current study, as per SDCEP and other
current clinical guidelines provided supragingival scaling prior to subgingival
instrumentation. The subgingival instrumentation was provided as ‘FMD’ in this
context. From the previous studies, it is therefore difficult to distinguish how
much of this spike is attributed solely to subgingival scaling and how much may
be attributed to the other performed procedures.
From chapter 4, it could be speculated that subgingival scaling in isolation
carries a relatively low risk of a marked elevation in systemic inflammation.
Performing supragingival scaling or tooth extractions on alternative days may
represent a simple modification to treatment plans which could attenuate such a
response. However, the current study was not designed to reveal the clinical
significance of this response, but simply investigate whether it differed following
hand or ultrasonic instrumentation. As changes to treatment are being
advocated, it is important that the impact of this response is further
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investigated. Despite recent recommendations to minimise this spike in CVD
patients, there remains only indirect evidence that such a response induces a
clinically meaningful risk to patients overall health (Smeeth et al., 2004). These
recommendations could perhaps be strengthened by a large retrospective
analysis on the incidence of CVD events following FMD versus quadrant NSPT, so
that the overall risk of this procedure can be firmly established. However, the
data recording in most dental care systems, and lack of linkage to data regarding
systemic disease, does not currently permit such an analysis.
With respect to clinical and microbial outcomes, chapters 4 and 5 did not
observe any differences between hand and ultrasonic instruments. This RCT was
not powered nor designed to detect differences in these variables and they must
therefore be interpreted with due caution. However, both results appear
comparable with a range of previous studies (Derdilopoulou et al., 2007,
Christgau et al., 2007, Ioannou et al., 2009), providing further support of the
status quo (i.e. combined/‘blended’ use of instruments). The only difference
was the time of treatment, which was 22 minutes longer for hand instruments on
average. This finding may be of potential interest given the huge financial
burden of periodontal treatment (section 1.1.2). Shorter treatments with
ultrasonic instruments could allow more patients to be treated in a set
timeframe, and save money on treatment associated expenses including clinician
salaries and instrument sterilisation when compared with hand instruments. The
cost of these variables is likely to differ per site, although could be assessed on
a centre-to-centre basis. The time-saving capacity of ultrasonics may be
somewhat explained by the in vitro results of chapter 5 and those reported by
Vyas et al. (Vyas et al., 2020a, Vyas et al., 2020b). Biofilm removal from
ultrasonics appears larger in vitro which may be due to cavitation and/or effects
from the coolant spray, and thus hand-scalers require more time to achieve
comparable levels of biofilm removal. Notably, this time-saving appeared
particularly pronounced in patients with more severe disease, supporting this
hypothesis.

6.1.3. Dysbiosis, inflammation and disease
Evaluating the subgingival plaque microbiome provided an insight into how this
polymicrobial biofilm recovers following mechanical debridement, which yielded
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interesting results throughout chapters 3 and 5. Within both studies, treatment
induced consistent alterations in the subgingival plaque composition including
reductions in richness, diversity and abundance of disease-associated anaerobes
(Porphyromonas, Tannerella, Treponema), coupled with increased abundance of
health-associated genera (Streptococcus, Actinomyces, Rothia). These changes
were not necessarily dramatic and disease-associated organisms, whilst reduced
in abundance, remained present following treatment. This data is supportive of
earlier research using DNA-DNA hybridisation to study over 4000 subgingival
plaque samples before and after NSPT (Haffajee et al., 1997). In this study, the
authors recorded modest reductions in disease-associated species, but highlight
that radical shifts in the composition are not necessary for positive clinical
outcomes. As discussed in section 1.1.3, these biofilms perform important
functions for the host and it is therefore advantageous that a somewhat similar
biofilm community reforms following NSPT.
In some cases, a high abundance of disease-associated species were observed
following treatment which – surprisingly - appeared irrespective of clinical
response. These results are intriguing as they indicate that the post-treatment
composition may be highly individualised which has been previously suggested
(Schwarzberg et al., 2014). Several non-clinical factors have been shown to
influence the subgingival plaque microbiota (environment, genetics, diet,
smoking), and may play a role in shaping this community reformation. This
disparity was consistent over both studies in this thesis, with other reports
documenting an increase in – or persistence of - the abundance of diseaseassociated genera (Porphyromonas, Treponema, Filifactor, Tannerella) despite
major clinical improvement (Chen et al., 2018). The reason behind this response
is unknown and cannot be conclusively drawn from the presented studies, but a
key question moving forward is whether the path of biofilm reformation impacts
on subsequent disease recurrence.
A number of well described organisms are undoubtedly associated with PD, but
how these particular bacteria impact on disease progression is not entirely clear.
As discussed in chapter 1, several theories have been elegantly posed to
describe how such species directly cause PD (Hajishengallis and Lamont, 2012,
Rosier et al., 2014). Yet, others have postulated that dysbiosis may arise only in
the later stages of disease to further perpetuate existing inflammation (Van
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Dyke et al., 2020). Therefore the belief that subgingival plaque dysbiosis causes
disease, or occurs as a result of disease, is largely down to conjecture (Curtis et
al., 2020). To date, studies demonstrating that heightened dysbiosis and/or
inflammation in healthy patients precede future development of PD are notably
absent in the literature.
It has been found that some periodontally healthy sites contain a high
abundance of disease-associated species (Griffen et al., 2012, Chen et al.,
2021). These findings lend further credence to the hypothesis that some patients
may better tolerate these biofilms and dictate a form of resistance to clinical
disease progression (Löe et al., 1986). Additional support comes from a recent
experimental gingivitis study, where the authors observed three clinical
responses in the absence of oral hygiene; “high”, “low” and “slow”
(Bamashmous et al., 2021). The high group were characterised by rapid
accumulation of plaque and clinical inflammation, the low group showed similar
levels of plaque but attenuated inflammation and the slow group showed both
delayed plaque accumulation and a minimal inflammatory response. Of note, the
high and low groups exhibited “strikingly similar” patterns in the subgingival
plaque microbiome, but displayed substantially different clinical responses and
GCF cytokine profiles (particularly IL-1β).
Unfortunately, the studies in this thesis did not always sample GCF from the
same site as subgingival plaque and this places a restriction on possible
conclusions. Neither of the current studies were designed for these analyses and
it was not possible at the time of design to foresee whether such comparisons
would be required or even performed. It would have been of interest to evaluate
whether the sites with a high abundance of disease-associated species also
contained an elevated level of inflammatory cytokines in GCF (IL-1β, IL-17A) and
this is a drawback that will be rectified within future studies from our group.
The follow-up time (3 months/90 days) also limited the extent to which these
findings could be interpreted as it was not possible to assess long-term clinical
and microbial stability in these sites.
To this extent, it is important that the 16S rRNA sequencing data generated
throughout this thesis be viewed as hypothesis-generating. This analysis was
exploratory in nature, and the small sample size of some variables such as
smoking mean they cannot be ruled out from future research. Based on the
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findings from this thesis and those reported by Bamashmous et al., (2021), it
would be of interest to assess whether ‘reformation’ of a microbiota more
similar to baseline is accompanied by elevated GCF cytokine profiles, or whether
patients instead show different responses to this composition. This analysis may
reveal whether the immune response could dictate future disease regression,
and start to uncover the complex associations between dysbiosis, inflammation
and disease.

6.2. General limitations
A number of relevant limitations are discussed in each chapter. Some of the
broader limitations of the studies presented in this thesis are inherent to clinical
research and are largely unavoidable, whereas others remain in a state of
continual improvement. A general limitation of these studies is that particularly
motivated and enthusiastic patients may self-select for inclusion. This may limit
the extent to which clinical, inflammatory and microbial outcomes may be
generalised in the wider population, and this selection bias is likely be further
exacerbated by selecting patients within a specialist setting. Similarly, all
patients within both studies were recruited in the West of Scotland, with known
geographic influences on the oral microbiome and presumably other factors such
as diet and lifestyle (Li et al., 2014, Gupta et al., 2017).
The analysis of 16S rRNA sequencing data has inevitable limitations. For
instance, sub-species taxonomic classification level is simply unobtainable by
using a fragment of the 16S rRNA gene, and species-level is largely provisional.
This is of importance in subgingival plaque where several sub-species of F.
nucleatum are suggested to play differing roles in biofilm formation and
architecture in vitro (Thurnheer et al., 2019). The analysis within this thesis
may also be viewed as simplistic in nature, although was solely employed to
assess global changes between groups or timepoints. More complex bioinformatic
pipelines are constantly being developed to better handle this data and are
becoming more frequently used in the field (Lin and Peddada, 2020). For
example, future addition of UniFrac distances (which incorporate phylogenetic
distance) alongside the Bray-Curtis metric, or applying a more sophisticated
differential abundance technique such as ANCOM-II, could be useful upon reanalysis of this data. Ultimately there are limitations to any analysis pathway
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and this is very much a constantly evolving field. Nonetheless, recently
developed pipelines and breakthroughs in novel sequencing platforms such as
the Nanopore MinION will undoubtedly continue to advance the scope and
accuracy of microbiome profiling in coming years.
Much of the analysis in this thesis was exploratory in nature, and should be used
to power and design future studies rather than draw firm conclusions. With
exploratory analysis, non-significant results must also be interpretated
tentatively. Such findings could indicate that no difference exists, that the
sample size was not large enough to detect a significant change, or that the
study was not designed to detect equivalence. The use of p-values implies the
probability that such a difference could have occurred by chance. Hence, subtle
differences may therefore become both statistically and clinically significant
when applied to larger populations. These exploratory analyses have an
important place in scientific research, being used to form new hypotheses and
guide the design of future studies, but should be interpreted with extreme
caution for the reasons outlined above.

6.3. Future work
Leading on from this project there are several unanswered questions which
would be attractive focal points of future research. Some of these potential
follow-up studies are noted in the discussions of each chapter, such as a multicentre longitudinal treatment study of ACPA-positive PD patients; assessing the
CRP spike following FMD with and without prior supragingival scaling; or a
retrospective analysis on CVD events following FMD. However, if a step change in
treatment strategy is to be initiated, arguably one of the most fundamentally
important questions is whether a high abundance of disease-associated species
ultimately leads to disease, both within healthy patients and following NSPT. If
this is the case, then the data within this thesis demonstrate for the first time
that microbiological monitoring may be of use at 3 months to predict this
response and modify treatment plans accordingly. However, if this is not the
case and disease is instead driven by host-specific factors, then it is of
paramount importance that such features are established.
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Defining the interplay between dysbiosis and dysregulated inflammation has long
been a primary focus in periodontal research, and it is naïve to believe that a
single clinical study would provide a definitive result. However, recent
advancement of in vitro models of PD may help bridge this gap and be used to
address the shortcomings of clinical research. For example, 2D and 3D co-culture
systems have been developed to mimic aspects of the gingival epithelium (Brown
et al., 2019b, Mountcastle et al., 2020). These systems could be coupled with
protocols that provide more reflective in vitro biofilm models, such as those
derived from patient saliva (Shang et al., 2019, Rosier et al., 2020) and
subgingival plaque samples (Velsko and Shaddox, 2018).
Combining aspects of in vitro and in vivo research is therefore a feasible option
to understand the relationship between dysbiosis, inflammation and disease.
Building upon the data within this thesis, a suggestion for a pilot study is
highlighted in figure 6.1 to further explore these links. The concept of this
proposed study is relatively simple, by recruiting healthy participants or treated
PD patients and assessing the level of subgingival dysbiosis using the recently
developed SMDI index (Chen et al., 2021). It is known that some healthy sites
contain dysbiosis, and this thesis has demonstrated that a similar disparity exists
in PD patients following NSPT. By measuring the corresponding GCF cytokine
profiles, it would be possible to investigate whether dysbiosis is accompanied by
elevated inflammatory responses in vivo. Subsequent long term follow-up of
these patients would determine if these sites do eventually develop disease, and
also establish the compositional stability of this dysbiosis (figure 6.1B). For
example, if patients are predisposed to dysbiosis then repeated sampling should
be reflective of this.
Simultaneously, the harvested samples could be grown in vitro and co-cultured
with gingival tissue models (figure 6.1C). This would determine whether certain
species dictate inflammation, or whether the inflammatory response is instead
determined on a patient-by-patient basis. Development of technology such as
Olink® proteomics allow comparison of up to 92 proteins in the inflammation
panel, and could be applied to both GCF and co-culture supernatant to form a
more holistic understanding of the immune response than was achieved during
this thesis. In addition to assessing soluble mediators, ideally, local tissue
biopsies could inform the cellular components of the local immune response.
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However, this is far more invasive and demanding of participants. Therefore,
whilst costly and difficult to manage, this pilot study could potentially provide
significant new information and change the approach to managing PD. Targeting
the right treatment, to the right patient at the right time remains an elusive
goal in the treatment of many multifactorial inflammatory diseases. By building
on our existing work, the proposed study may be a useful starting point towards
eventually achieving this goal.

6.4. Conclusions
This thesis sought to evaluate the host and microbial response to NSPT with two
notable findings that require recognition and further research. The first pertains
to the observed spike in serum CRP following FMD. The RCT evaluated within this
thesis found no significant difference following FMD performed exclusively with
hand or ultrasonic instruments, and a somewhat attenuated CRP spike when
compared with previous studies. These data suggest that FMD may be performed
without a pronounced CRP spike under the settings of this RCT, and the impact
of FMD on patients overall health must be further investigated. Additionally, the
disparity in the microbial response to NSPT is intriguing not least because similar
findings are observed in some periodontally healthy sites. Moving forward, it
would be useful to establish whether this dysbiosis is prognostic of PD
development and/or recurrence – or whether some patients are able to better
tolerate these organisms without risk of future disease.
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Figure 6.1. A suggestion for a proposed pilot combined in vivo and in vitro project to
assess the relationship between dysbiosis, inflammation and disease. (A) Recruitment of
periodontally healthy participants or treated PD patients whose subgingival plaque
microbiota could be screened and designated as healthy (score <0) or dysbiotic (score
>0) using the subgingival microbial dysbiosis index (Chen et al., 2021). (B) These
participants are then followed-up over months or ideally years to measure both site
specific and whole-mouth periodontal indices, with repeated subgingival plaque and
GCF sampling to assess the interplay between host, microbial and clinical responses in
vivo. (C) Simultaneously, healthy and dysbiotic subgingival plaque samples are grown in
vitro and exposed to 2D or 3D gingival tissue models (Brown et al., 2019a, Mountcastle
et al., 2020). This would identify possible drivers of inflammation and establish whether
this response mimics those observed in vivo. Image created using BioRender.
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Appendix iv (treatment model for ultrasonic adjuncts)

Development of a novel testing apparatus for evaluating the efficacy of ultrasonic adjuncts. Biofilms can be grown on hydroxyapatite coverslips
which are fixed in the designed holder. Ultrasonic scalers can be applied within this system, allowing collection of supernatants (flow-through) for
further viability analysis. Residual biofilms can also be retained for downstream analysis. Developed in collaboration with Marylin Goulding and Ken
Guaragno at Dentsply Sirona.
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